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ABSTRACT
A survey of the literature on the measurement of 
residual stress in metals and the effect of shot peening 
has been followed by a critical analysis of the layer 
removal method developed by Heyn, and Sachs and Espey, and 
later refined by Foppl. Some improvements on FopplTs method 
were made possible by the use of a computer for curve fit­
ting# An analysis of the distribution of the radial residual 
stress in the plastic zone after shot peening has shown it 
to be sufficiently small to enable the stress system to be 
treated as a biaxial one without loss of accuracy.
The optimum heat treatment conditions after peen­
ing, for maximum fatigue strength, were established, 
applied to shot peened cylindrical bars,and the distribu­
tions of hardness and residual stress in them determined.
The core and surface hardnesses were then reproduced uni­
formly throughout torsional fatigue specimens and the effect 
of the different hardness levels on the fatigue strength 
evaluated. A third level of hardness was likewise investi­
gated and the effect of shot peening on the fatigue strength 
of steels tempered to these three hardness levels was 
established.
O )
The effect of cyclical fatigue stressing upon the 
stress distribi.ition due to shot peening, for levels of 
applied stress below and above the elastic limit, has shown 
that whereas the lower stresses had no effect, once the 
elastic limit of the matrix at the surface was exceeded, a 
considerable falling off of beneficial residual stress in 
the surface occurred, but it still maintained its original 
value 0 . 0 0 3 in below the surface.
Xt has been shown that the point of maximum 
principal tensile stress in a shot peened and externally 
loaded torsion bar is afoouit O.C 3 in below the surface, and 
that as g, result, there is no deleterious effect due to the 
presence of shot peening indentations which are stress 
raisers. Removal of such marks by polishing, therefore, in 
no way influenced fatigue performance.
A study of the separate effects of residual 
stress and hardness increase due to cold work during shot 
peening has shown that the increase in fatigue strength is 
mainly and sometimes completely due to beneficial residual 
stress, although under certain conditions a small part of 
the benefit may be due to an increase in hardness.
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The Effect of Shot Peening on the 
Fatigue Behaviour of Spring Steel
CHAPTER 1 
INTRODUCTION
1.1 Principles of shot peening
Shot peening consists of bombarding the surface 
of a metal with shot with a view to improving its fatigue 
life® The process is not to be confused with shot blasting, 
that is, bombardment with sharp angular material which has 
a cutting action, and so scours and cleans the surface of 
scale and extraneous material® Such sharp particles.cut 
the metal surface and leave angular indentations which act 
as stress raisers, and so lower the fatigue life. Shot for 
peening, on the other hand, must be round and smooth so 
that no cuts are left in the surface being treated. The 
shot may be chilled iron, steel, or conditioned out wire.
The roughness of shot was at one time a controversial point, 
since some research workers found an improvement in fatigue 
life when using grit, and certainly the phenomenon of peen­
ing itself was discovered from observations of the effect of 
grit blasting on fatigue life. However, the beneficial 
effects sometimes noticed when using grit were a function of 
the smoothaiess of the edges of the grit® The only reliable 
method is to use shot with rounded edges rather than grit.
Ideally, shot for peening should be tough, and 
harder than the material to be treated®
Chilled iron shot is cheapest, but is extremely 
brittle and shatters easily on impact, producing par’ticles 
with sharp edges which tend to affect the surface with a 
cutting, rather than a peening action, thus indxicing stress 
raisers which become points of premature failxir’e during 
fatigue loading. Because it fractures so easily, the use 
of chilled iron shot is not recommended.
Steel shot is a commonly used material® It is 
more costly than chilled iron, but has a much longer life, 
and it does not fracture so readily. Consequently, it pro­
duces less dust and is not so liable to give dangerously 
sharp fragments® It is cheaper than cut wire and needs no 
initial preparation, but has a shorter life than the lat­
ter material.
Cut wire is more expensive than steel shot and 
consists of short lengths which have been cut from a hard 
drawn carbon steel wire. Since the wire in question is 
drawn to a high tensile strength the cut pieces are extre­
mely hard and tough, The length of the wire cut off is 
approximately equal to its diameter, so that the particle 
has a square section on its longitudinal axis. Because the
(19)
product has very sharp edges, it cannot be used straight 
away for peening, but has to be Hconditioned", that is, 
used initially to bombard steel scrap until the edges are 
x’ounded. Cut wire can now be purchased in this conditioned 
state* Cut wire has a very long life and the amount of 
topping up of the plant required is more or less a func­
tion of leakage from the plant rather than of shot 
deterioration.
Any type of shot is subject to wear and finer 
particles are produced. The energy of impact of shot is 
proportional to the cube of its diameter, so that if one 
particle has a diameter which is 50$ of another, its energy 
of impact is only 1 2-§-$ of the latter if both are travelling 
at the same velocity* For this reason, small particles 
should not be allowed to accumulate, otherwise the effi­
ciency of the process will become impaired.
Industrial experience has led to the Lise of shot 
sizes of 0 . 0 3 5 - 0 . 0 6 0 in diameter for springs made from
bar diameters of 0 . 5  iu and upwards, and sizes .of 0 . 0 3 0 -
0.040 in diameter for smaller section material.
ZimmerliO) has shown that over these ranges of 
size the shot used does not affect the endurance limit of 
the peened steel, but Straub(^) has pointed out that for good
plant efficiency the size selected should be uniform.
1 * 3 The effect of peening
The action of peening is claimed to cause cold 
work of the surface and to induce residual compressive 
stresses which act in opposition to the tensile component 
of stress which is set up when the metal is loaded* Both 
the increase in hai’dness due to cold work and the residual 
compressive stress are claimed to contribute to the impro­
vement in fatigue life, although there has been consider­
able controversy in the technical literature as to the 
contribution made by each phenomenon to the improved 
fatigue performance® The overall effect of the residual 
stress system is to move the point of maximum tensile 
stress in a loaded metal from the surface to a few thou­
sandths of an inch below* The influence of the metallurgi­
cal structure of a peened surface on fatigue strength is 
then not so vitally important as the metallurgical struc­
ture a few thousandths of an inch beneath the surface. 
Nevertheless, one might expect the metallurgical condition 
of the surface to influence the depth and magnitude of the 
compressive stress induced,
1 . k Intensity measurement
In order to provide a standard peening treatment 
during industrial processing, it is necessary to have a 
yardstick against which to measure the intensity of the 
peening carried out* A suitable comparator was developed
( 2
by Almen(3) 0 It consists of peening one side of a flat 
steel strip whilst it is kept flat in a special fixture.
On completion of peening, tbe strip is released, whereupon 
it takes up a curved form with the peened face on the .convex 
side* The degree of curvature is determined by measuring 
the sagitta of a given chord length with a clock gauge, 
this distance normally being a few thousandths of an inch. 
The comparator used is known as an Almen 2 gauge, and there 
are two thicknesses of strip denoted by A and C (other strip 
dimensions and the metallurgical condition remaining the 
same). Normally, only the A strip (having a thickness of
0 . 0 5 1 in) is used for determining the peening intensity for 
springs and measurement is denoted by Almen xA2, where 11 xM 
is the arc rise in thousandths of an inch,
A modified form of Almen comparator has been 
developed by Brookman and ICiddle(M« lb retains the basic 
feature of measuring the curvature of a strip which has been 
peened on one side, During peening, however, the strip is 
secured at one end only in the fashion of a cantilever, so 
that the strip can curve during the plastic deformation of 
one face due to peening. The reverse face is screened from 
the shot, Likewise, during measurement of curvature, the 
strip is again clamped at one end only, and the deflection 
of the free end from the null position taken as a measure 
of the intensity of the peening.
( 2 2 )
The Brookman comparator appears to have no ad­
vantages over the original due to Almen and it has the 
possible disadvantage that the test strip holder is not 
provided with a built-in arrangement to protect the back 
face of the strip from the shot stream.
( 2 3 )
l i o:e r a t u r e survey
2*1 Tlie measurement of residual stress in metals
Residual stresses in metals have been known for 
many years and may be defined as those systems of stress 
that exist in a body free from external force or restraint. 
They are produced when non-uniform plastic strain takes 
place as in wire drawing, swaging, rolling or shot peening, 
or where thermal gradients have occurred as in quenching.
A considerable amount of work has been published 
on measurement of residual stress. The techniques used 
have been based on non-destructive methods such as use of 
ultrasonics or X-rays? ex' destructive methods where llayers 
of material are removed chemically or mechanically and the 
resulting dimensional changes recorded.
An ultrasonic technique was developed by Rollings'* 
based on double refraction of a polarised shear wave, but 
it was established that the method was sensitive to pre­
ferred grain orientation as well as residual stress so that 
it could only be used in instances where preferred orien­
tation was negligible or its contribution to the double 
refraction known*
X-ray diffraction techniques have been used by 
Green o u g h ® ^  and F i n c h o n  mild steel specimens.
C H A P T E R  2
( 2 f t )
It has been argued that utilisation of X-rays 
presents several disadvantages in that good accuracy can 
only be obtained on materials yielding sharp diffraction 
lines* Thus in the case of quenched and tempered steels 
or cold worked materials, where diffuse diffraction lines 
are provided, large errors ma.y occur. Thomas ( ‘ claimed 
that a well constructed regular lattice was necessary and 
that hardened and case hardened steels were incapable of 
giving satisfactory back reflections* On the same argu­
ment, many alloys were stated to be difficult to examine 
since the lattices were often p orly defined. Christenson 
and Rowland(ll) however, worked on hardened steels and, 
while recognising that lines of sufficient intensity above 
the level of general background radiation had to be ob­
tained and that nothing could be done to modify the line 
breadth as this was a characteristic of martensite, pointed 
out that there was the remaining course of reducing back­
ground radiation by suitable choice of wavelength and fil­
ter. The technique they developed was based on the fact 
that the background radiation emenated mainly from two 
sources: the continuous radiation from the tube and the
fluorescent radiation from the sample. If these two com­
ponents of the diffx,action beam were essentially of shorter 
wavelength than the desired monochromatic component from
(25)
the tube, it should be possible to select a filter whose 
absorption edge lay between them,so that the background, 
radiation was effectively reduced. They showed that the 
residual sti’ess due to austenite and martensite in 
hardened high carbon steel could be measured to an accu­
racy of 3000 to 4000 lbf/in^.
The method was applied by Koistinen' 1 to four 
carburised steels. He concluded that the location of the 
compressive stress was governed by the sequence in which 
the transformations occurred. The extra carbon in the 
case delayed formation of martensite until the core had 
transformed and this resulted in compressive stresses in 
the case and tensile stresses in the core. He fotind: that 
maximum residual compression was at 5 0-60?o of the case 
depth and estimated that the reproducibility of the • 
method was ± 5000 lbf/in2. Later, in conjunction with 
M a r b u r g e r ( 13 > 14) developed a refined procedure which
( i t : )he used to determine residual stresses in nitrided steels' ^i  
The mechanical methods of measuring internal stress 
ar© based on removal of part of the stressed body so that 
the remaining material undergoes elastic strain. By 
measuring these strains it is possible to calculate the 
corresponding stresses assuming that the usual elastic 
relationships apply. Material may be removed by mechani­
cal or chemical means, although the former may modify the
stress system through induced local stressing. The 
general method by which residual stresses may be calcu­
lated is indicated by Timoshenko^ ^ ) and NadaiO?), and 
reviews have been carried out by FordO®), BaldwinO^), 
Barrett(^O), Horger(^), Loxley(^<c) and Heindlhofer(^3) ,
( 2 k )The earliest technique was that due to Heynv ' who 
removed layers from cylindrical bars and computed the 
distribution of longitudinal stress assuming that circum­
ferential and radial stresses were not present* Austin(25) 
used this method to determine the internal stress in sound 
and cracked bars of brass and sfr'eel. The Heyn method was 
later refined by F6ppl(^^) who selected specimen dimen**- 
sions such that the circumferential and radial stresses 
would be small compared with the longitudinal components * 
Additionally, fee allocated finite values to Poisson’s 
ratio instead of equating it to zero as earlier workers 
had done„ Sachs(27-29) simplified the theory of 
D a v i d e n k o v ^ 30) aru} provided the solution for a three di­
mensional stress system. He applied this to tho boring 
of a cylindrical x’od by drilling out the centre in suc­
cessive steps, Before and after each operation, the 
dimensions of diameter and length were carefully measured, 
The method is applicable to solid cylinders and thick 
walled tubes* A separate technique was evolved for thin
walled tubes where the stresses consist of high tensile 
stresses on one surface and high compressive stresses on 
the other. The procedure here was to slit the material 
in such a manner that the major part of the residual 
stress was relieved by?* bending* For example, the cir­
cumferential stress was evaluated from the change in 
diameter which occurred when a length of tube was slit 
longitudinally, or from the deflection of a circumferen­
tial tongue. The longitudinal stresses were calculated 
from the deflection of a longitudinal tongue, In prac­
tice, Sachs found it convenient to determine the cir­
cumferential stress first by slitting longitudinally, 
since this component was then relieved and so did not 
cause distortion of the tongue cut later to determine 
longitudinal stresses,
H u n d y ^ O  determined the residual stresses in 
cold rolled strip having up to 6/ reduction. He removed 
successive layers from one face by etching and computed 
the stress from the resulting changes in curvature,
A theoretical analysis for the determination 
of stresses in fine wires was developed by Read(3 2 ) 6 
was based on the principle of removing flat layers from 
one part of the surface (a technique difficult to apply 
in practice without introducing serious experimental erro
( 2 8 )
and was a special application of a method far flat 
plates developed by Treuting and Read (33)„
A critical analysis of the theories developed 
by Davidenkov, and Sachs and Espey, has been carried out 
by Denton and Alexander (34) „ Using numerical methods 
and a digital computer, they showed that although the 
Sachs theory was easier to apply than Davidenkovfs, the 
errors induced were considerably larger and that the 
simple bending theory was about as accurate, if not more 
so under certain conditions. Of Importance was the 
observation that Davidenkov and Sachs had failed to 
allow for the effect of the resolved components of 
stress along two axes when computing the magnitude of 
stress along the third axis.
2* 2 The effect of shot peening
• The deformation due to a single spherical 
impact has been analysed by Mohamed and Coombs (35) wh0 
stipulated the requirements of shot peening and indi­
cated variables needing investigation. They showed 
that the main factors in peening were the residual 
plastic strains and depth of penetration and they 
investigated the effect upon these of kinetic energy 
of shot, diameter and velocity. The conclusions were?
( 2 9 )
occurred some distance below the bottom 
of the indentation,
(ii) impact velocity had no significant
effect,
(iii) increase of energy of impact resulted in
an increase in maximum plastic strain 
and in depth of penetration.
(iv) increasing the diameter of the indentor
produced a decrease in maximum plastic 
strain but an increase in its penetration. 
This work was followed by a quantitive evaluation 
by Pope and Mohamed^^) Qf single and repeated spherical 
impact on copjoer and mild steel. The effects of velocity? 
energy and diameter of indentor on maximum plastic strain 
and its penetration below the surface were investigated.
It was found that the value of maximum strain and its 
depth below the surface varied systematically with the 
energy and diameter of the indentor. There was no evidence 
that they varied with velocit}*- of impact.
The effects of shot type, size and uniformity 
on the effective depth of the plastically deformed layer 
during shot peening have been investigated by Landecker(^) 
Zimmerli^ ) (38^40) straub^) and Petrova and Shashin(^ ) 0
(i) the point of maximum plastic strain
( 3 0 )
Landecker used steel shot .in sizes varying from 0 , 0 1 6  in 
to 0,065 in to peen compressor discharge valves 0,044 in 
thick. He found an increase in fatigue life of 100$ 
which was completely cancelled when 0 , 0 0 3 in of the metal 
surface was removed.
In order that the intensity of a shot peening 
process could be readily measured, Almenw/V 1
developed a simple comparator. It consisted of mounting 
a hardened and tempered steel strip on a steel block and 
peening the exposed face. On ddtripletion of the treat­
ment, the strip was removed from the block and the curva­
ture produced by the release of the compressive stresses 
measured using a dial gauge, Almen showed that the degree 
of curvature was related to intensity of peening provided 
that the initial hardness and dimensions of the strip 
were closely controlled,
Z±raraerli(1) used six different batches of shot 
and peened springs made from hardened and tempered wire 
in a Fheelabrator machine having a feed rate of 3 00 lb/min. 
He tested two Almen strips with every 25 springs and used 
peening times of 5» 15» 3° and 120 minutes. It was 
found that the Almen reading rose as the shot size in­
creased and that for a given size of shot, the arc height 
rose as the shot hardness increased, Zimmerli observed
that when no breakdown of the shot occurred and long 
runs were carried out, the arc rise was, if anything, 
still increasing slightly towards the end* He attributed 
this change to experimental error but in view of his 
finding that arc rise increased with increase in shot 
hardness, it may have been due at least in part to work 
hardening of the shot. It was found that there was no 
relationship between shot hardness or size and the 
fatigue life of the springs, although the springs could 
apparently be overpeened if coarse shot were used. Fur­
thermore, there was no relationship between Almen ariS
height and the fatigue limit*
( 2 )Straub' * investigated the effect of shot size 
having regard to the influence of broken particles. He 
pointed out that broken particles, having only 80/ of 
the original diameter had only half the mass and demon­
strated the falling off in efficiency that this brought 
about* He recommended that the size range variation 
during the useful life of the shot should not be permitted 
to vary more than 20/ from the original size*
Petrova and Shashin(^1) used a novel technique 
to determine the depth of the strain hardened layer pro­
duced by shot peening® They relied on changes in the 
electrical and magnetic properties due to the compressed
layer. The method showed close correlation with micro­
hardness measurements and X-ray analysis® It was demon­
strated that, for larger diameters of the shot peened 
component, the depth of the compressed layer was less® 
From fundamental considerations such a technique will be 
sensitive to changes in carbon concentration as occurs 
for example in the case of decarburisation, but this 
aspect was not considered® The influence of shot peening 
on a Cr-Ni-Mo-V steel was investigated in this work and 
also by Shasliin^^5-4/) ^ Peening was carried out for 5 
minutes with a shot velocity rf 250 ft/sec. but no detail 
was given of the shot type, size and mass® The specimens 
were tested in reverse bending but as the original sur­
face condition of the material was not recorded, it is 
difficult to assess the significance of the 30fo eleva­
tion in fatigue limit obtained*, Shashin plotted his
S-N data using log-log co-ordinates and showed that the 
peened material, apart from having a higher fatigue life, 
had a curve with a flatter slope than the basic unpeened 
material. He repeated his work using a lower shot 
velocity which, if the shot size remained constant, 
would provide a lower energy level; and also a longer 
peening time of 15 minutes. He argued that there must 
be an optimum depth of strain hardened material and
(33)
removed successive layers by grinding to study the 
effect of depth of stressed layer on fatigue life* He 
found an improvement with initial grinding and claimed 
that the unground depth was therefore too great and 
that an optimum existed. However, he failed to con­
sider the influence of any grinding stresses induced or 
the effect of any decarburisation in the original sur­
face, He also investigated the effect of strain harden­
ing by "coaxing", i,e, by fatigue testing at a level 
above the fatigue limit but below the final test stress 
and accounted for the occurrence of apparently additional 
strain hardening as some form of equalisation of the 
heterogeneous stress field in the specimen. He did. not 
consider the influence of a heat treatment of, for 
example, 220°C for 30 minutes on the stress equalisation, 
although such a procedure is widely accepted as being 
beneficiala
Humfrey(^) examined the stresses induced by 
the shot peening of leaf springs. He determined the 
surface compressive stress by observing the change in 
camber of the leaves after removal of successive layers 
in hot dilute sulphuric acid. He examined the effect 
of compressive stress layers in the range 0 , 0 0 6 in - 
0 *0 1 6 in and found that the fatigue life cotild be
/ 2
improved by 200/* Unfortunately, no fatigue curves were 
presented and no information on the improvement in fatigue 
limit. The possibility of grain boundary attack by the 
acid was not discussed, nor the effect of any stress 
raisers produced by suoh penetration. He experienced 
considerable scatter in his results and attributed this 
to decarburisation of the steel s£irface0 No measurements 
of decarburisation were reported and neither, apparently, 
was any work carried out on surfaces known to be free 
from decarburisation*
The effect of shot peening on the torsional 
fatigue limit of spring steels was examined by 
¥atkinson(^9 > 50) ^ jje Maimed that his peening conditions 
were Identical to those used by Fttppl(2 )^ but the latter 
recorded no details* Lessells and Murray(^l) showed the 
surface to be work hardened to a depth of 0*006 in by 
peening.
Foppl concluded that the zone of compressive 
stress continued to a depth of 0 * 0 1 5 in below the sur­
face but fell steeply in the depth range 0*005 in - 
0 , 0 1 5  in* Mattson^S) obtained similar results* Watkin- 
son argued that by virtue of Fttppl1s findings, it was 
unlikely that his own experimental results were influenced 
"by the metallurgical improvement of the surface due to
(35)
work hardening"« He concluded that in the applied stress 
range 152 000 - 1 5 6 000 Ibf/in^ the fatigue life of peened 
specimens was not measurably greater than that of polished 
unpeened specimens and argued that this was probably due 
to rapid re-distribution of the residual compressive 
stresses during the first stress reversals. In fact® this 
conclusion was not supported by his experimental results.
Lessells and Murray used cast iron shot in the 
size range 0 . 0 2 5 in - 0 , 0 3 0 in and an air pressure of 
25 lbf/in2. They concluded that the main benefit in fatigue 
strength was due to cold work rather than to compressive 
stresses, a finding which was challenged during the dis­
cussion which followed the reading of the paper. *
( 3 6 )
CHAPTER 3 
THE CURRENT PROGRAMME OF WORK
It is widely accepted that shot for peening 
should be made from cast steel or cut wire and be in the 
size range 0 . 0 3 0 in to 0.040 in for the treatment of 
springs. Yet no expex'‘.mental work has been published 
to show what stress distribution is set up in the basis 
steel xinder these conditions. The most applicable ex­
perimental techniques for the measurement of residual 
stress in solid cylinders are tho.se of Foppl(2 6) anc^
/ o o \Sachs and Espey^°/ 3 It is necessary to determine ac­
curately for the first time the residual stress 
distribution in cylindrical bars created by peening 
with conditioned cut wire shot in the size range 0 , 0 3 5 in 
to 0,040 in. The basic method of analysis outlined by 
Foppl was used but improved upon by considering theore­
tically the distribution and magnitude of the radial 
and tangential components of residual stress. By 
utilising a computer fox' curve fitting the strain/depth- 
removed relationship, an equation was determined and 
differentiated to provide an accurate assessment of 
the slopes of the tangents to the curve.
( 3 7 )
A suitable heat treatment after cold, working 
can eliminate detrimental lattice strains whilst the 
intergranular strains remain® This can have the effect 
of elevating the fatigue strength of a shot peened steel® 
The effect of different heat treatments on fatigue life 
will therefore be determined in order to establish 
optimum conditions which can be applied throughout the 
research.
An attempt will be made to determine the 
separate effects of residual compressive stress and of 
hardening due to cold work or the fatigue limit.
In order to obtain fatigue specimens free from 
decarburisation it will be necessary to grind the sur­
faces and the effect of this process and any induced 
residual stress will be determined.
The effect of shot peening on fatigue strength 
will need to be assessed and compared with earlier 
published work, subsequent to which the effect on 
fatigue strength of the presence of peening indentations, 
acting as stress raisers, will be examined.
So far, no research has been carried out on 
the effect of long life cyclic fatigue stressing in 
torsion on the residual stress distribution due to 
cold work in spring steels, and this aspect will be 
incorporated into the investigation.
( 3 8 )
C H A P T E R  4
THEORY AND DISCUSSION ON THE THEORY
Foppl^^) derived expressions for the axial and 
tangential stress distributions in a shot peened cylin­
drical bar which are as follows:
aR E m* m + 6 S rjp dA 1 m - 1 + 2 6jg.1 j m d A r m 1 -  R
m
2A1 (1 )
and
°tR = "
where:
°aR ~
E
1
m2
m^ — 1
mbs + 1 £m ■
m 2 dAr
1 + m 6j^
m -  1 ~R
m
2A1
atR
E a
1 a
1
m "*
(2 )
6 s
r m
Al
k  “
axial residual stress 
tangential residual stress 
Young’s modulus 
original length of peened bar 
Poisson1s ratio
ratio of tangential to axial surface strain ~ +0,1]
mean radius of removed layer
change in length dtie to removal of layer
thickness Ar 
ratio of tangential to axial core strain « ~0.08
Expression (l) reduces to the earliei’ Heyn 
(24) 1formula' ' if m , 6 Q and 5^ . are equated to zero.
To solve these formulae, it is necessary to 
obtain values of dAl/dAr for different values of rm .
Foppl did this by constructing tangents to an experimental 
curve relating Al to Ar (Fig® 1)® This enabled him to 
calculate the distribution of axial and tangential 
stress and his curves for these are given in Fig. 2* It 
is interesting to observe that, according to Foppl*s 
derived curves, the stress distribution is curvilinear 
and changes only slowly over a distance from the surface 
to a depth of about 0 . 0 0 5 in below, before falling 
rapidly to zero a distance of about 0,013 i*?. below.
Now Poppl assumed a linear relationship between Al and 
Ar up to a depth of 0 . 0 0 6 in below the surface, and it 
may be seen from equation (l) that if dAl/dAr is constant 
then the expression 0 ^ = f^(^m) is linear near to the 
surface, which is not in accordance with FopplJs cal­
culated stress distribution in that area. If a curve is 
drawn through Foppl1s experimental results in Fig, 1 and 
tangents are constructed to this curve, then the result­
ing relationship
dAl/dAr « fp(rm ) 
is shown in Fig. 3/" If these values are substituted
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in equation (l) a distribution of axial residual stress 
is obtained as shown in Fig* 4* It may be seen that 
the slow rate of change in this component obtained by 
FSppl near to the surface is missing.
However, the determination of gradients of 
cfcirves by constructing tangents is never satisfactory, 
owing to the errors involved, Foppl!s experimental 
results were therefore taken from Fig. 1 and fed into 
a digital computer in order to obtain a mathematical 
expression relating Al and Ar, This produced the poly­
nomial:
Al = +0i000 000 1(Ar) ^ - 0.000 010 9(Ar)5 + 0.000 433 3(&r)
-0.007 605 0 ( A r ) 3  + 0.045 952 l(Ar)2 + 0.198 602 6(Ar)
+0.000 302 3
which is shown in Fig. 5* The differential is:-
_ +0.000 000 6(Ar)5 - 0.000 054 MAt*) + 0.001 733 2(Ar
dAr
->0.022 815 0(Ar)2 + 0.091 904 2(Ar) + 0.198 602 6
and this is represented graphically in Fig. 3? together
with the curve obtained earlier by constructing tangents 
to a smooth curve drawn through the experimental points 
in Fig. 1. Values of dAl/dAr for corresponding values of 
rm were taken from the differential curve and used to 
solve equations (1 ) and (2 ) for 0 ^  and respectively.
Depth below surface Ar(±n x 10OT3)
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The distributions of residual compressive stresses so 
obtained are given in Fig* 6, together with F&pplfs own 
calculated results, in order that a comparison may be 
made •
The stress distribution obtained in Fig. 6 for 
oap,using the differential curve in Fig. 3?shows a 
definite peak of compressive stress just below the sur­
face, Below this zone, in the region of the elastic/ 
plastic interface, a slight tensile peak of stress is 
apparent, as was recofded by Foppl, The latter offered 
no satisfactory explanation of this and neither have 
other workers who have sometimes (but not always) 
observed it when studying other methods of inducing 
residual stress.
It may be seen that there is very little simi­
larity between the two curves for the function dAl/dAr 
as ^(^m) *-n ^i&* 3 • This is due to the fact that the 
function Al ~ f(Ar) provided by the computer (Fig0 5) 
shows an inflection near the origin in the region 
Ar = 0,003 in. However, Foppl*s first experimental 
result was for Ar = 0.004 in (see Fig, 1) so that the 
inflection suggested by the comptLter is not based on 
experimental values in that region,but on a necessity 
to provide a polynomial which satisfies the experimental
(45)
(46)
(47)
results for larger values of Ar and which passes through 
the origin® In the absence of the lower experimental 
values therefore, it is not possible to say categori­
cally whether the peak in the curve in Fig, 3 is real 
or apparent. This demonstrates clearly the need to ob­
tain, in further experimental work, results related to 
the removal of layers less than 0.003 in below the shot 
peened surface*
The difference in magnitude of calculated axial 
residual stress near to the surface varies, for the same 
experimental results, from -100 000 Ibf/in^ through 
-110 000 lbf/in2 to -128 000 lbf/in^ according to the 
analytical technique used. This demonstrates the sensi­
tivity of the equation (l) to changes in the value of 
dAl/dAr which has its maximum value when 2A1~>- 0, that 
is at or near the surface of the material where GaR is 
a maximum.
When 2A1 is near to its maximum value, there is 
another inflection in the curve Al = f(Ar) which results 
in a negative value of dAl/dAr* This change in sign is 
responsible for the slight peak in the positive values 
of aaR at the interface of the elastic/plastic zones.
Visual examination of the gradient of the curve 
in Fig, 5 near to the origin shows that to the naked eye 
the curve appears to be approximately a straight line,
( 4 8 )
but there is a factor of 5 differenoo in. fch& ordinate 
and abscissa scales® According to the computer (Fig*3), 
quite considerable changes in the gradient are taking 
place,
Foppl did not calculate separately the distri­
bution of radial compressive stress, nor did lie derive 
an expression for it. He assumed, instead, that the 
tangential and radial distributions were equal except 
at the surface, where the radial com£iohent suddenly 
became zero. This implied a discontinuity of radial 
distribution near to the surface, since at the surface 
the tangential component has its maximum value. This 
situation is not satisfactory since although in the 
elastic zone the radial and tangential components must 
be equal, a separate analysis of the distribution of 
radial compressive stress in the plastic zone is desir­
able in order that proper weight may be attributed to 
it, Such an analysis has, therefore, been carried out 
and is given overleaf.
+ 9 )
Distribution of radial residual stress in a shot peened bar 
Xn the elastic zone
radial stress « tangential stress
2= constant
axis surface
1 ' X /
In the plastic zone
the yield point Oy is given by
°tR “ °rR = ~ ° y  
rdorR
elastic plaatic 
zone zona
and - (o+p - O p) is the radial equilibrium dr rK equation
From (6) and (7 )
rdorR _= - o
dr
i , e, dorR
y
rt d r
y r
a rR + constanty r
i.e. OrR « -o„ log0r + constant
at surface o ~ =± 0 and r « rg
(6)
(7)
• , constant « + 0^ log^^
substitute in (8)
arR “ ay loSe (r2/r^
It was found in an experimental case, to be described 
later (Fig, 7) that
at r = o^R = 2500 lbf/in2
2 5 0 0
°y = loger2/r.
( 9 )
(50)
and r.| ~ 0 . 2 3 7 in
For the shot peened bar in question = 0* k ' ju in
. Oy = 107 700 I b f / i n 2
substituting in (9 ) we get
0 * 2 5  ,  K
°rR = 107 700 loge T ~  (10;
This expression will give a curve for 0‘r^ in the plastic 
range based on experimentally derived values of which,
in turn, are obtained using Foppj/s equations, This is 
shown as the curve 0AB in Fig* 7* It may be seen that the 
derived expression for Orp satisfies all requirements of a 
radial stress distribution in the plastic zone in thah it 
has the elastic value at the elastic/plastic boundary and 
a zero value at the surface.
This derivation may be regarded as a considerable
advance on FopplJ s theory vSince the latter assumed
Grp = except at the surface where orp = 0. His theory
could presumably provide with negative values in the
plastic zone as high as - 6 0 000 lbf/in^, together with a 
sudden discontinuity at the surface® The present theory,
however, shows that 0 ^ is always positive, is continuous
and varies in magnitude from 0 to +2 500 lbf/in^.
For comparison purposes, the curve for 0.^ is 
also shown in Fig3 7 with that for GrpP It may be seen
i
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that the values for orp in the plastic zone are so small 
that arR may be assumed to be zero with very little error 
resulting. This has the advantage that the stress system 
in the plastic layer may be treated as a biaxial one.
Dugdale^-^ has suggested an alternative analy­
tical approach which gives the solution:
°rpv - — (h2 - x2)2ah
where 0o is a circumferential stress and a, x, h are the 
dimensions denoted in Fig® 8, This gives a distribution 
of orR with the same limiting value as that derived above, 
but with slightly different intermediate values, and is 
shown in Fig* 7 as curve OCB. The difference in the two 
curves may be due to a simplifying assumption made by 
Dugdale in his analysis but in any event, the difference 
between them is extremely small®
The small magnitude of c?rR with respect to CJaR 
and 3-31 the plastic zone provides mathematical justi­
fication for treating the distribution of residual stress 
in this layer as a biaxial one*
( 3 3 )
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CHAPTER 5 
THE SHOT PEENING- PLANT
The shot peening' plant consisted of a standard 
unit which had been modified considerably in order to 
give much better control over the reproducibility of the 
shot peening process. In its final form, it consisted 
basically of an air blast which carried the shot and which 
was dix^ected vertically downwards onto the specimen0 The 
nozzle automatically swept horizontally backwards and 
forwards along the length of the specimen which was 
mounted on powered rollers and so kept rotating in the 
shot stream,
A description of the development of the plant 
and its evaluation is given in the Appendix.
(55)
ESTABLISHMENT OF STANDARD HEAT TREATMENT CONDITIONS
6 41 Effect of heat treatment after peening on fatigue 
s trength
In order to ensure that the heat treatment used 
after peening was the optimum, it was necessary to deter­
mine the effect of various temperatures of treatment on 
fatigue strength. Brookman and Kiddle used a temperature 
of 150°C, whereas Lessells and Murray(^"0 found improvements 
with temperatures up to 250°C.
A large number of specimens were required and a 
design was therefore chosen which could be easily prepared, 
and a method of testing selected which could be operated 
at a reasonably high speed* It was therefore decided to 
use as specimens straight lengths of medium carbon steel 
wire which had been oil hardened and tempered during wire 
manufacture, in accordance with B.S.2803® A high rate of 
testing was achieved by using a Haigh Robex'tson rotating 
bending fatigue machine (Fig® 9) which was designed to test 
such wire*
The procedure for inserting the specimen was to 
grip one end in a chuck whilst the other rested in a cup 
free to rotate on a ball bearing® The cup assembly was 
moved along the axis of the machine towards the chuck so
C H A P T E R  6
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that the wire xvas forced to bend in elastic deformation, 
whereupon the cup assembly was firmly clamped on its 
slide* The distance between the cup and the chuck was 
predetermined according to the maximum bending stress 
required in the wire. The chuck was then rotated at high 
speed by an electric motor, so that the fibres of the wire 
underwent tension and compression alternately as they 
rotated about the neutral axis®
Forty straight lengths of carbon steel wire 
0.104 in in diameter and 14 in long, in the oil hardened 
and tempered condition, were shot peened with conditioned 
cut wire shot to an Almen comparator value of 0.022 A2.
They were sub-divided into ten batches of four, nine of 
which were heat treated for 30 minutes at 1 7 5 °C, 1 9 0°C, 
200°C, 210°C, 220°C, 230°C, 250°C? 275°C and 300°C res­
pectively; the tenth batch received no heat treatment 
at all. Each specimen was then fatigue tested in the 
Haigh Robertson rotating bending machine at a maximum 
bending stress of + 1 0 7 000 lbf/in^ and the number of Jterw&s- 
to failure noted. The results are given in Fig* 10 where 
each point plotted is the mean of four experimental 
results obtained for one value of heat treatment* It may 
be seen that the optimum temperature is clearly defined 
and that the distribution of residual stress to give 
maximum fatigue strength is obtained by heating at 220°C 
for 30 minutes aftex’ shot peening*
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6 * 2 Determination of heating rates for 0*5 in diameter 
specimens
The time that would be taken for a torsional 
fatigue specimen to attain furnace temperature was deter­
mined in a separate experiment 0 The steel was En 4-5 of the 
same cast used throughout the research,and to the chemical 
composition;
C Z Mn/o Si/ S Z P Z Ni/ Cr/ remainder
0 . 5 8  0 , 8 8  1 , 8 2  O.Oi+lf 0<,031 0 . 1 7  0 , 1 1  l r o n
A dummy torsion specimen, six inches in 3,ength and 0.5 in 
diameter was ground all over to provide a smooth scale 
free surface. An axial hole, 1/8 in diameter and 3 in 
long was drilled from one end and a chromel-alumel thermo­
couple, insulated except for its junction, was inserted 
in it to its full depth, so that the thermo-electric 
junction was in metallic contact with the bar at the base 
of the hole, The cold junction end of the thermocouple 
was connected to a millivoltmeter which was suitably 
corrected for cold junction temperature variation. The 
dummy torsion specimen was then placed in a forced air 
circulating furnace which had previously been adjusted 
to a temperature of approximately 220°C. The rise in the 
core temperature of the bar with time was noted and 
recorded (Fig® 11); from the results, it was clear that 
the bar would achieve a temperature of about 220°G in
k o
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15 minutes. This time was taken into consideration to­
gether with the data obtained in Section 6.1 when studying 
the effect of heat treatment after peening on fatigue, 
strength, in order to decide upon the time of heat treat­
ment for 0,5 iu diameter torsion fatigue specimens; based 
on this information, a temperature of 220°C for 30 minutes 
was selected for the furnace used in the research.
60 3 Production of tempering curves
Eight cylinders having the dimensions 3/4 Ln 
diameter, 1/2 in long, were machined from a bar of En 4-5 
steel from the same cast as above* They were quenched 
Into oil from a protective atmosphere furnace at 870°C 
and each was then individually tempered in an air circu­
lating furnace at a different temperature for one hour, 
so that the temperature range 375°C - 5 5 0°C was covered 
in 25°C steps. Sections were cut from each cylinder so 
that a diametrical plane was exposed. These were lightly 
ground, polished and then etched in 2/ Nital and a micro­
examination showed the structures to be of tempered 
martensite. Hardness measurements were made on each 
specimen and a curve relating hardness to tempering 
temperature plotted, as shown in Fig. 12. This enabled 
the appropriate heat treatment for a given hardness to be 
selected when tempering bars for stress analysis and 
torsional specimens for fatigue studies.
( 6 1 )
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STRESS DISTRIBUTION XN SHOT PEEKED CYLINDRICAL BARS
7 o1 Preparation of cylindrical specimens
The steel used was En 4-5 to the chemical compo- 
3ition given in Section 6*2.
The bars were machined all over to remove decar- 
burisation and other surface defects whilst in the annealed 
condition, A photomicrograph of a cross section of one of 
the bars, suitably mounted and polished and etched in 2*j> 
Nital is shown in Fig® 13® It may be seen that the sur­
face is free from decarburisation, whilst the general 
structure is of pearlite with some dark etching areas, 
and some light etching areas in the vicinity of the grain 
boundaries. An examination at a higher magnification,
i.e. x 2000, as seen in Fig, 14, shows that the dark etch­
ing areas are pearlitic, but with more closely packed 
lamellae than the general structure, whilst the light 
etching areas are ferrite, as one would expect with a 
hypoeutectoid steel.
The annealed bars were hardened by quenching into 
oil from a protective atmosphere furnace at 870°C, followed 
by tempering in an air circulating furnace to give a 
hardness of approximately 500 HV 30, The surfaces were 
finally precision ground and then shot peened to an Almen
C H A P T E R  7
FIG. 13 CROSS SECTION OF En 45 ANNEALED 
GROUND BAR SHOWING STRUCTURE 
AND SURFACE FREE FROM DECARBUR­
ISATION
X  2 0 0
FIG. 14 CROSS SECTION OF En 45 ANNEALED 
GROUND BAR SHOWING LIGHT AND 
DARK ETCHING AREAS
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comparator reading of 0*022 A2 using conditioned cut wire 
shot in the size range 0*035 - 0,040 ina A frequency 
distribution curve of the shot size is shown in Fig, 15? 
from which it may be seen that very few particles of shot 
fall outside the range of size stipulated,
A photograph of the shot used is shown in Fig, 1 6  
A sample of the shot was mounted in bakelite, which was 
then ground and polished to reveal cross sections of some 
of the shot particles. Hardness measurements carried 
out on these sections with a Vickers hardness testing 
machine showed the shot to have a hardness of 480 HV,
After peening, the bars were given a low tempera­
ture heat treatment of 220°0 for 3^ minutes and finally, 
the end faces of all bars were precision machined perpen­
dicular to the longitudinal axis, A photograph of a 
peened and unpeened bar is shown in Fig, 17 a*id a close 
view of the peened surface in Fig, 18,
A cross section of a hardened and tempered and 
shot peened bar was mounted, polished and etched in 2/ 
Nital. A photomicrograph is shown in Fig, 19? from which 
it may be seen that the structure is somewhat acicular 
and consists of temjpered martensite.
The plastic deformation due to the shot peening 
does not show in the photomicrograph (apart from the un­
even surface) since the grains are of random orientation
( 6 6 )
Shot size (in x 10“3)
FIG. 15 FREQUENCY DISTRIBUTION OF SIZE OF CUT WIRE SHOT
( 6 7 )
xtoo
FIG. 16 SAMPLE OF CONDITIONED CUT WIRE SHOT
FIG. 17 BARS USED IN 
FOREGROUND: 
BACKGROUND:
GROUND AND POLISHED UNPEENED BAR 
SHOT PEENED BAR
STRESS ANALYSIS
(69)
X5
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SHOT PEENED SURFACE
(71)
a n d  tlie p e e n i n g  t r e a t m e n t  i t s e l f  is a l s o  r a n d o m  a n d  not, 
t h e r e f o r e ,  l i k e l y  to i n d u c e  a n y  d i r e c t i o n a l i t y  o f  the 
g r a i n s .
7 . 2  M e t h o d  of m e a s u r i n g  s t r e s s
S i n c e  t h e  c o m p r e s s i v e  s t r e s s e s  i n d u c e d  d u r i n g  
p e e n i n g  c a u s e  th e b a r  to i n c r e a s e  i n  l e n g t h ,  th e b a s i s  of 
th e e x p e r i m e n t a l  m e t h o d  u s e d  w a s  to r e m o v e  t h i n  c i r c u m ­
f e r e n t i a l  l a y e r s  f r o m  a p e e n e d  b a r  ( S 1 ) b y  e t c h i n g  i n
1 . 1  g / m l  n i t r i c  a c i d  a n d  m e a s u r i n g  the c h a n g e  i n  b a r  l e n g t h  
e a c h  t i m e  s u c h  a l a y e r  w a s  r e m o v e d .  The p r o c e s s  w a s  c o n ­
t i n u e d  u n t i l  a c o n s t a n t  l e n g t h  m e a s u r e m e n t  w a s  a c h i e v e d  
o n  t h e  r e m o v a l  of f u r t h e r  s u c c e s s i v e  l a y e r s ,  w h i c h  i n d i ­
c a t e d  t h a t  al l the p l a s t i c a l l y  d e f o r m e d  z o n e  h a d  b e e n  
e t c h e d  away.
T h e  e n d s  of th e b a r  w e r e  d i p p e d  to a d e p t h  of 
1 / 1 0  i n  i n t o  a p l a s t i c  s o l u t i o n  ( L a c o m i t ) , w h i c h  q u i c k l y  
d r i e d  i n  a i r  a n d  p r o v i d e d  a  t h i n  p r o t e c t i v e  f i l m  o n  th e 
e n d  fa c e s ,  w h i c h  w e r e  t h u s  u n a f f e c t e d  w h e n  t h e  b a r  w a s  
e t c h e d  b y  i m m e r s i o n  i n  a t r a y  o f  the acid. T h r o u g h o u t  
th e e t c h i n g  p e r i o d ,  th e b a r  w a s  k e p t  r o l l i n g  i n  the a c i d  
b y  g e n t l y  t i l t i n g  the tr ay . I t  w a s  f o u n d  t h a t  i m m e r s i o n  
f o r  o n e  m i n u t e  at 1 5°C r e s u l t e d  i n  a l a y e r  a p p r o x i m a t e l y  
0.0005 i n  d e e p  b e i n g  r e m o v e d  f r o m  t h e  c y l i n d r i c a l  s u r f a c e .
A f t e r  a l a y e r  h a d  b e e n  e t c h e d  away, t h e  s p e c i m e n  w a s  t a k e n  
f r o m  t h e  b a t h ,  w a s h e d ,  a n d  d r i e d  a n d  the p r o t e c t i v e  p l a s t i  
f i l m  p e e l e d  f r o m  t h e  en ds # T h e  b a r  w a s  t h e n  w e i g h e d  a n d  
th e d e p t h  of m e t a l  r e m o v e d  b y  t h e  a c i d  c a l c u l a t e d  f r o m  
th e d i f f e r e n c e  of w e i g h i n g  b e f o r e  a n d  a f t e r  e t c h i n g *
F o r  t h e  m e a s u r e m e n t  o f  b a r  l e n g t h ,  c o n s i d e r a t i o n  
w a s  g i v e n  to t h e  p o s s i b i l i t y  o f  u s i n g  the e q u i p m e n t  
d e s i g n e d  b y  F o p p l  (Fig® 20), w h i c h  w a s  a v a i l a b l e  to th e  
a u t h o r *  H o w e v e r ,  t h i s  c o u l d  o n l y  a c c o m m o d a t e  b a r s  a b o u t  
7|- i n  l o n g  a n d  e x p e r i m e n t s  w i t h  it i n d i c a t e d  t h a t  F o p p l 5 a 
c l a i m  o f  b e i n g  a b l e  to e s t i m a t e  r e a d i n g s  to 0*1 m i c r o n s  
w a s  p e r h a p s  o p t i m i s t i c ,  a n d  0*5 m i c r o n s  w o u l d  a p p e a r  to 
b e  m o r e  r e a l i s t i c ®  It w a s  t h e r e f o r e  a b a n d o n e d  i n  f a v o u r  
of a S o c i e t e  G e n e v o i s e  m e a s u r i n g  i n s t r u m e n t  (Fig® 2 1 ), 
w h i c h ,  w i t h  th e a t t a c h m e n t  o f  a  p r e o i m e t e r  h e a d  (Fig® 22), 
w a s  c a p a b l e  o f  m e a s u r i n g  l o n g e r  b a r s  s h o w n  I n  F i g ®  17 a n d  
of r e a d i n g  to a n  a c c u r a c y  o f  0 .2 m i c r o n s .  T h i s  w a s  set 
u p  i n  a r o o m  w h i c h  w a s  t e m p e r a t u r e  c o n t r o l l e d  to + 1 o5°C® 
T h e  b a r  to b e  m e a s u r e d  w a s  p l a c e d  i n  t h e  m a c h i n e  a n d  l e f t  
o v e r n i g h t  to a t t a i n  r o o m  t e m p e r a t u r e .  A  0 ~ 5 0 ° C  m e r c u r y -  
i n - g l a s s  t h e r m o m e t e r  a l o n g s i d e  the b a r  g a v e  the a c t u a l  
t e m p e r a t u r e ,  so t h a t  a l l  m e a s u r e m e n t s  c o u l d  b e  c o r r e c t e d  
f o r  s l i g h t  r o o m  t e m p e r a t u r e  v a r i a t i o n  w i t h i n  t h e  c o n ­
t r o l l e d  r a n g e ®
( 7 3 )
F I G .  2 0  F O P P L ' S  EQUIPMENT FOR MEASURING BAR LENGTH
F I G .  21 ( U P P E R )  GENERAL VIEW OF S O C IETE GENEVOISE  
MACHINE SHOWING PEENED BAR I N  P O S I T I O N
F I G .  2 2  (LOWER) CLOSE UP OF OPTICAL LEVER I N  
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D e p t h  b e l o w  s u r f a c e  Ar* (in x  10“ 3 )
F I G .23 L E N G T H  C H A N G E S  O F  A S H O T  P E E N E D  B A R  
O N  R E M O V A L  O F  S U R F A C E  L A Y E R S  (Si)
(76)
T h e  r e l a t i o n s h i p  b e t w e e n  l e n g t h  c h a n g e  A l  a n d  
d e p t h  of l a y e r  r e m o v e d  A r  ( b a r  Si) is s h o w n  i n  I'ig, 23®
T h e  c u r v e  is t h a t  o b t a i n e d  b y  f i t t i n g  a n  e q u a t i o n  to t h e  
e x p e r i m e n t a l  r e s u l t s  w i t h  the a i d  of a d i g i t a l  c o m p u t e r .
T h i s  g a v e  t h e  e x p r e s s i o n ;
A l  = - 0 , 0 0 0  0 0 3  4 ( A r ) 6 + 0 . 0 0 0  21 0 9 ( A r ) 5  „ 0 , 0 0 5  191 1 (A r +
+ 0 . 0 6 6  660 0 ( A r ) 3  - 0 , 5 3 4  51 8 1 ( A r ) 2 + 4 . 6 8 2  395 3(Ar)
+ 0.002 832 2 ( 1 2 )
T h e  c h a n g e  i n  g r a d i e n t  of the c u r v e  w i t h  d e p t h  of l a y e r s  
r e m o v e d  w a s  o b t a i n e d  b y  d i f f e r e n t i a t i n g  the a b o v e  e q u a t i o n .  
T h i s  r e s u l t e d  i n  th e  e x p r e s s i o n s
= - 0 , 0 0 0  0 2 0  4 ( A r ) 5  + 0.001 0 5 4  5 ( A r +  - 0 , 0 2 0  7 6 4  X i v p
dA r
± 0 . 1 9 9  9 8 0  0( A r )2 ~ 1*169 036 2(Ar) + 4 . 6 8 2  3 9 5  3 
T h e  f u n c t i o n  o b t a i n e d  is p l o t t e d  i n  Fig, 24,
V a l u e s  of 2 A 1  a n d  d A l / d A r  f o r  d i f f e r e n t  v a l u e s  of
A r  w e r e  t a k e n  f r o m  F i g s ,  23 a n d  24 a n d  u s e d  i n  e q u a t i o n  (l)
to o b t a i n  th e a x i a l  c o m p o n e n t  of r e s i d u a l  s t r e s s ;  t h i s  is 
s h o w n  i n  Fig. 25? t o g e t h e r  w i t h  a s i m i l a r  c u r v e  fo r  
t a n g e n t i a l  r e s i d u a l  s t r e s s  o b t a i n e d  b y  s u b s t i t u t i n g  the 
s a m e  v a l u e s  i n  e q u a t i o n  (2). T h e  a x i a l  r e s i d u a l  s t r e s s  
a c h i e v e d  at the s u r f a c e  ivas - 1 6 4  j O O  T b f / i n ^  a n d  the 
t a n g e n t i a l  r e s i d u a l  s t r e s s  -71 4 0 0  l b f / i n ^ .
7«,3 Results and discussion
(77)
D e p t h  b e l o w  s u r f a c e  (i n 1 0 ” fi
FI G. 2ft D I S T R I B U T I O N  O F  d & 1 / d A r  W I T H  D E P T H  B E L O W  
S U R F A C E  (Si)
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D i s t a n c e  b e l o w  s u r f a c e  (in x 10~^)
FIGo 25 D I S T R I B U T I O N  O F  R E S I D U A L  S T R E S S  A L O N G  T H E  
D I A M E T E R  O F  A S H O T  P E E N E D  B A R  (Si)
(79)
T h e  r a d i a l  c o m p o n e n t  of st r e s s ,  a l t h o u g h  k n o w n
to h e  sm a l l ,  w a s  c a l c u l a t e d  b y  s u b s t i t u t i n g  i n  e q u a t i o n
(5) b o u n d a r y  c o n d i t i o n s  f o r  ' r s a n d  *0^ ’ w h i c h  h a d  b e e n
d e r i v e d  f r o m  th is e x p e r i m e n t  b y  u t i l i s i n g  the f a c t  t h a t
i n  t h e  e l a s t i c  core, a r R  ~ ° t R # Tlle d i s t r i b u t i o n  of c?r R
is s h o w n  i n  F i g .  25 a n d  a l s o  o n  a m u c h  l a r g e r  s c a l e  i n
Fig. 7 as c u r v e  O A B . F o r  c o m p a r i s o n  p u r p o s e s ,  p a r t  of
t h e  o c u r v e  is a l s o  g i v e n  i n  Fig. 7 a n d  the d i f f e r e n c e  
tR
b e t w e e n  the tw o c a n  b e  s e e n  to b e  c o n s i d e r a b l e  i n  the 
p l a s t i c  zone.
Xt h a s  a l r e a d y  b e e n  D r o v e c l  t h e o r e t i c a l l y  t h a t  
th e r a d i a l  r e s i d u a l  s t r e s s  is e x t r e m e l y  s m a l l  c o m p a r e d  
w i t h  t h e  a x i a l  a n d  t a n g e n t i a l  c o m p o n e n t s  sc t h a t  i n  th e  
p l a s t i c  zone, th e  s t r e s s  s y s t e m  m a y  b e  t r e a t e d  as a 
biajcial one. ¥ h e n  c a l c u l a t i n g  the p r i n c i p a l  s t r e s s  (p^ ) 
t h e r e f o r e ,  t h i s  a p p r o x i m a t i o n  m a y  b e  u s e d  so t h a t  the 
p r i n c i p a l  s t r e s s  w i l l  b e  g i v e n  by:
° a R  + ° t R  . / ( ° a R  " ° t R ) 2P 1 = r . a . R . . . L + / V“ a R  - t R ' + s 2  ( 1 4 )
( 2 )
W h e r e  S = a p p l i e d  s h e a r  stx'ess 
T h e  p r i n c i p a l  p l a n e  w i l l  m a k e  a n  a n g l e  0 w i t h  the m a j o r  
a x i s  a n d  th e m a g n i t u d e  o f  it is g i v e n  by:
t a n  20 »  - —  ( 1 5 )
° a R  “ ° t R
( 8 0 )
S i n c e ?  i n  th e  p l a s t i c  zone, O a R  a n d  a r e  a l w a y s  n e g a ­
tive? w i t h  C a £  n u m e r i c a l l y  l a r g e r  t h a n  the r i g h t
h a n d  s i d e  o f  t h e  e x p r e s s i o n  is a l w a y s  p o s i t i v e *
A  n o t i o n a l  a£>plied s h e a r  s t r e s s  p Q ( 1 3 5  0 0 0  l b f / i n ^ )  
f o r  b a r  S1 is s h o w n  i n  Fig* 26? t o g e t h e r  w i t h  th e  d i s t r i ­
b u t i o n  o f  th e  r e s u l t i n g  p r i n c i p a l  s t r e s s  p^ « T h e  a n g l e  0 
w h i c h  the p r i n c i p a l  p l a n e  m a k e s  w i t h  th e m a j o r  a x i s  is 
a l s o  g i v e n *
T h e  p r i n c i p a l  s t r e s s  i n  the s h o t  p e e n e d  b a r  w h i c h  
w o u l d  r e s u l t  f r o m  t h e  a p p l i c a t i o n  of a n y  one of a n u m b e r  
of a p p l i e d  s t r e s s e s  is g i v e n  i n  Fig® 27® W i t h  zero 
a p p l i e d  s t r e s s  t h e  a x i a l  r e s i d u a l  s t r e s s  at t h e  s u r f a c e  
is - 1 6k  700 l b f / i n ^  a n d  t h e  t a n g e n t i a l  r e s i d u a l  s t r e s s  
~71 4 0 0  l b f / i n ^ *  A t  a depth. 0,0'i5 i n  b e l o w  t h e  s u r f a c e ?  
the a x i a l  r e s i d u a l  s t r e s s  r i s e s  to its m a x i m u m  (the c o r e  
v a l u e )  of + 7233 l b f / i n 2 a n d  the t a n g e n t i a l  r e s i d u a l  stre:* 
to it s m a x i m u m  of ± 2 4 9 5  l b f / i n ^ *  W i t h  a n  a p p l i e d  s t r e s s  
o f  a p p r o x i m a t e l y  1 1 2  000 I b f / i n  , th e p r i n c i p a l  s t r e s s  at 
t h e  s u r f a c e  is zero, w h i l s t  0,015 i n  b e l o w  the s u r f a c e  it 
a c h i e v e s  its m a x i m u m  t e n s i l e  v a l u e  of 110 000 I b f / i n ^ .
If, t h e r e f o r e ,  s u c h  a s p e c i m e n  is s u b j e c t e d  to t o r s i o n a l  
f a t i g u e ?  o n e  w o u l d  e x p e c t  f a i l u r e  to b e  i n i t i a t e d  n o t  at 
the s u r f a c e ,  b u t  at a  d i s t a n c e  0 , 0 1 5  i n  b e l o w  it. T h i s  
c o n t r a d i c t s  the f i n d i n g s  o f  B r o o k m a n  a n d  K i d d l e , w h o
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D i s t a n c e  b e l o w  s u r f a c e  (i n x  10~^)
as r e s u l t a n t  m a x i m u m  t e n s i l e  s t r e s s  
= r e s o l v e d  m a x i m u m  t e n s i l e  s t r e s s  a p p l i e d
o0 s a n g l e  o f  p r i n c i p a l  p l a n e  to b a r  a x i s
F I G . 26 V A R I A T I O N  O F  R E S U L T A N T  M A X I M U M  T E N S I L E  
S T R E S S  A L O N G  D I A M E T E R  O F  A  S H O T  P E E N E D  
B A R  ( S 1 )
of
 
p
r
i
n
c
i
p
a
l
 
pl
an
e 
to
 
ba
r 
ax
is
 
0 
(
d
e
g
r
e
e
s
(82)
l - " \
o
C'i
d
•ri
CH
pm]
03
03
O
U
■P
CO
0
H
03
d
©4J
0
Bg
•H
cd
r ’*—j
( S3)
r e p o r t e d  t h a t  the c o m p r e s s i v e  l a y e r  o n l y  e x t e n d e d  to 
0*006 i n  b e l o w  the s u r f a c e ,  a n d  L a n d e c l c e r ^ ^  , w h o  
r e p o r t e d  a n  e f f e c t i v e  d e p t h  of 0 . 0 0 3  in. H o w e v e r ,  t h e y  
d i d  n o t  r e c o r d  th e t y p e  of steel, p e e n i n g  c o n d i t i o n s ,  n o r
i
m e t h o d  of m e a s u r i n g  d e p t h  o f  c o m p r e s s i v e  l a y e r ,  so t h a t  a 
p r o p e r  c o m p a r i s o n  is n o t  p o s s i b l e .  T h e  t o t a l  e f f e c t i v e  
.depth d e t e r m i n e d  i n  the p r e s e n t  r e s e a r c h  is a l m o s t  t w i c e  
th e  d e p t h  r e p o r t e d  b y  P o p e ^ ^ ,  w h o  o b t a i n e d  a m a x i m u m  
p e n e t r a t i o n  of p e a k  s t r e s s  of 0.008 i n  w h e n  w o r k i n g  o n  
h a r d e n e d  a n d  t e m p e r e d  s p r i n g  s t ee l. I t  is, h o w e v e r ,  v e r y  
s i m i l a r  to t h a t  o b t a i n e d  b y  F o p p l ^ 2 ^), e v e n  t h o u g h  h e  o n l y  
a c h i e v e d  a n  a x i a l  r e s i d u a l  s u r f a c e  s t r e s s  of - 1 1 0  000 l b f / i n ^  
w h e r e a s  i n  th e p r e s e n t  w o r k  the m o d u l u s  of it s m a g n i t u d e  
is 50Z  g r e a t e r ®
T h e  a n g l e  th e p r i n c i p a l  p l a n e  m a k e s  w i t h  the 
l o n g i t u d i n a l  axis w i l l  v a r y  a c c o r d i n g  to t h e  s t r e s s  a p p l i -: 
a n d  it m a y  b e  s e e n  f r o m  Fig. 26 t h a t  this a n g l e  is n o t  
c o n s t a n t  w i t h  i n c r e a s i n g  d e p t h  b e l o w  t h e  s u r f a c e  f o r  a 
g iv e n  a p p l i e d  s t r e s s .  F o r  e x a m p l e ,  f o r  a n  a p p l i e d  s t r e s s  
o f  135 000 l b f / i n ^  th e  p la n e  makes a t  th e  s u r f a c e  an a n g le  
o f  32° w ith  th e  l o n g i t u d i n a l  a x i s  and r o t a t e s  a s  th e  
d ep th  b e lo w  th e  s u r f a c e  i n c r e a s e s  u n t i l  a t  0.015 i n  b e lo w  
i t  makes an a n g le  of 4 4 °  w it h  th e  l o n g i t u d i n a l  a x i s .
(84)
8,1 D e t e r m i n a t i o n  o f  h a r d n e s s  v a l u e s
O n e  of t h e  r e s u l t s  o f  c o l d  w o r k  d u e  to sh ot 
p e e n i n g  s h o u l d  b e  to e l e v a t e  th e h a r d n e s s  of t h e  m a t e r i a l  
i n  the l a y e r  w h i c h  h a s  b e e n  p l a s t i c a l l y  d e f o r m e d ,  a n d  
s o m e  w o r k e r s  h a v e  c l a i m e d  t h a t  it is m a i n l y  t h i s  e f f e c t  
t h a t  c a u s e s  the i n c r e a s e  i n  f a t i g u e  s t r e n g t h *
T o  d e t e r m i n e  th e m a g n i t u d e  of a n y  h a r d n e s s  i n ­
cr ea se , a c y l i n d r i c a l  s t e e l  b a r  to E n  4 5  c o m p o s i t i o n ,
1 / 2  i n c h  d i a m e t e r  a n d  12 i n c h e s  l o n g  w a s  q u e n c h e d  i n t o  o i l  
f r o m  a  p r o t e c t i v e  a t m o s p h e r e  f u r n a c e  at 3 7 C ° 0  a n d  t h e n  
t e m p e r e d  i n  a n  a i r  c i r c u l a t i n g  f u r n a c e  to a h a r d n e s s  of 
a p p r o x i m a t e l y  5 0 0  H V  30. T h e  b a r  w a s  g r b u n d  a l l  o v e r  to 
r e m o v e  d e c a r b u r i s a t i o n  a n d  o t h e r  s u r f a c e  d e f e c t s ,  s i n c e  
m a n y  w o r k e r s ,  a n d  i n  p a r t i c u l a r W a t l c i n s o n ( ^ 9  * 5 0 ) a n d
B a l l (55) h a d  s h o w n  t h e  g r e a t  i n f l u e n c e  s u c h  i m p e r f e c t i o n s  
c a n  h a v e  o n  the s u r f a c e  h a r d n e s s  a n d  f a t i g u e  p r o p e r t i e s  
of s p r i n g  s t e e l s .  S u b s e q u e n t l y ,  the b a r  w a s  s h o t  p e e n e d  
w i t h  c o n d i t i o n e d  cu t  w i r e  s h o t  i n  th e s i z e  r a n g e  0.035 - 
0 , 0 4 0  i n  to g i v e  a n  A l m e n  c o m p a r a t o r  r e a d i n g  o f  0 . 0 2 2  A2.
A  s h a l l o w  t a p e r  w a s  g r o u n d  at o n e  end of t h e  
b a r  u s i n g  a c o p i o u s  s u p p l y  o f  c o o l a n t ,  t h e  f i n a l  10
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EFFECT OF SHOT PEENING ON SURFACE HARDNESS
( 8 5 )
l a y e r s  r o m o v e d  b e i n g  o n l y  0*0001 i n  t h i c k  X u  o r d e r  to 
r e d u c e  g r i n d i n g  s t r e s s e s  to a m i n i m u m *  T h e  t a p e r  m a d e  
a n  a n g l e  o f  1*25 to the l o n g i t u d i n a l  ax i s  o f  the b a r  
a n d  w a s  4 i n c h e s  l o n g  (Fig® 28). T h i s  e n a b l e d  a n  a c c u r a t e  
d e t e r m i n a t i o n  o f  th e h a r d n e s s  to b e  m a d e  v e r y  n e a r  to the 
b a r  s u r f a c e .
A  s i x  i n c h  l e n g t h  w a s  cut f r o m  t h e  o t h e r  e n d  o f  
t h e  b a r  a n d  g i v e n  a h e a t  t r e a t m e n t  of 2 2 0 ° C  f o r  30 m i n ­
ut es , w h i c h  xvas th e t e m p e r a t u r e  s h o w n  i n  Fig® 10 to b e  
t h e  m o s t  f a v o u r a b l e  f o r  m a x i m u m  f a t i g u e  life* T h i s  
s e c o n d  s p e c i m e n  w a s  t h e n  p r o v i d e d  w i t h  a t a p e r  i n  the 
s a m e  m a n n e r  as th e f o r m e r *
A  s e r i e s  o f  h a r d n e s s  i n d e n t a t i o n s  were m a d e  a l o n g  
th e  c e n t r e  l i n e s  of t h e  g r o u n d  f a c e s  0.030 i n  ap ar t, so 
t h a t  t h e  a c t u a l  d e p t h  c h a n g e  f r o m  the o r i g i n a l  s u r f a c e  
b e t w e e n  tw o a d j a c e n t  i m p r e s s i o n s  xvas 0.00066 in*
8,2  R e s u l t s i
T h e  d i s t r i b u t i o n  of h a r d n e s s  i n  the E n  45 b a r  
b e f o r e  a n d  a f t e r  l o w  t e m p e r a t u r e  h e & t  t r e a t m e n t ,  xvith 
c h a n g e  i n  d e p t h  b e l o w  the s u r f a c e ,  is s h o w n  i n  Fig. 29*
It m a y  be s e e n  t h a t  th e a s - p e e n e d  s i l i c o n  m a n g a n e s e  
s t e e l  b a r  h a d  a c o r e  h a r d n e s s  of 500 H V  xvhich s t a r t e d  
to i n c r e a s e  i n  v a l u e  at a d e p t h  o f  0.015 i n  b e l o w  the 
s u r f a c e  ? r i s i n g  to a v a l u e  of 530 H V  at the s u r f a c e .
FIG. 28 T A P E R  G R O U N D  O N  S H O T  P E E N E D  B A R  
F O R  H A R D N E S S / D E P T H  D E T E R M I N A T I O N
( 8 7 )
F I G 2 9  E F F E C T  O F  S H O T  P E E N I N G  O N  S U R F A C E  
H A R D N E S S
The effect of low temperature heat treatment was to 
depress the core value to 4-95 HV, whilst increasing the 
surface hardness to 535 HV* The two curves cross over at 
a depth of 0*008 in below the surface.
8.3 Discussion
The effect of shot peening on the En 45 steel 
was to raise the surface hardness by 30 HV, which was a 
significant amount; the total affected depth was 0 . 0 1 5 in. 
The low temperature heat treatment had a very small 
effect in that the change in hardness amounted to one 
'ocular division* of the measuring instrument used.
However, it did, if anything, enhance the effect of peen­
ing at the surface, i n  t h a t  i t  resulted i n  ? further 
hardness increase of 5 HV.
These results differ from those of Brookman and 
ICiddle(^), who reported an increase in surface hardness 
of 60 H V  over an original core hardness of 350 H V . The 
total affected depth as regards hardness was 0 .i0 15 in 
(against a reported compressive depth layer of 0.006 in), 
but the composition of the steel and the peening con­
ditions were not reported.
H o w e v e r ,  in th e p r e s e n t  w o r k  the s t e e l  h a d  a 
core h a r d n e s s  s o m e  150 H V  g r e a t e r  t h a n  t h a t  u s e d  by 
B r o o k m a n ,  so •chat xc w o u l d  n o t  be so r e a d i l y  c o l d  w o r k e d
( 8 8 )
b y  s t e e l  s h o t  w h i c h  i n  f a c t  w a s  o f  a h a r d n e s s  20 H V  
l o w e r  t h a n  t h a t  o f  t h e  s p e c i m e n .  T h e  t w o  s e t s  of 
r e s u l t s  m a y  b e  t h e r e f o r e  r e g a r d e d  as c o m p l e m e n t a r y .
O n e  of the d i f f i c u l t i e s  g o v e r n i n g  a c c u r a t e  
d e t e r m i n a t i o n  of th e h a r d n e s s  d i s t r i b u t i o n  e x i s t i n g  
b e l o w  t h e  s u r f a c e  o f  a s h o t  p e e n e d  b a r  is t h a t  a  s e c t i o n  
h a s  to b e  c u t  a w a y  i n  o r d e r  t h a t  the h a r d n e s s  m e a s u r e ­
m e n t s  m a y  b e  m a d e .  T h i s  p r o v i d e s  a n e w  f r e e  sux'face 
a n d  t h e  r e m o v a l  o f  m a t e r i a l  w i l l  u n d o u b t e d l y  m o d i f y  th e  
s t r e s s  d i s t r i b u t i o n  w h i c h  p r e v i o u s l y  e x i s t e d  a n d  t h e r e ­
fore, i n  a l l  p r o b a b i l i t y ,  the h a r d n e s s  al s o .
I t  is k n o w n  t h a t  a c o n s i d e r a b l e  c o m p r e s s i v e  
s t r e s s  is s e t  u p  i n  th e surface o f  t h e  s t e e l  by s h o t  p e e n ­
ing, b u t  o w i n g  to t h e  r a n d o m  n a t u r e  o f  s h o t  p e e n i n g ,  ii 
is p o s s i b l e  t h a t  s m a l l  t e n s i l e  s t r e s s e s  a r e  a l s o  p r e s e n t ,
T h e  r e s i d u a l  s t r e s s  s y s t e m  m a y  a f f e c t  t h e  e l a s ­
ti c  p r o p e r t i e s  of th e m a t e r i a l  a n d  t h e r e f o r e  t h e  h a r d n e s s  
m e a s u r e m e n t s  m a d e ,  T h i s  a s p e c t  h a s  b e e n  i n v e s t i g a t e d  
b y  B l a i n ^ 6) an<j S e t t y  et a l i & ^ ^  • T h e  f o r m e r  u s e d
a h y p e r e u t e c t o i d  s t e e l  a n d  s h o w e d  t h a t  t h e  h a r d n e s s  i n  
t h e  s u r f a c e  w h e n  m e a s u r e d  w i t h  a d i a m o n d  i n d e n t o r  w a s  
l o w e r e d  th e e q u i v a l e n t  o f  16 H V  b y  a t e n s i l e  s u r f a c e  
s t r e s s  o f  235 000 l b f / i n 2 a n d  r a i s e d  t h e  e q u i v a l e n t  of 
3 2  H V  b y  a c o m p r e s s i v e  s t r e s s  of th e s a m e  m a g n i t u d e *
(89)
( 9 0 )
T h a t  is, th e e f f e c t  of t e n s i l e  a n d  c o m p r e s s i v e  s t r e s s  o n  
d i a m o n d  p y r a m i d  hax'dness w a s  o f  o p p o s i t e  s i g n  a n d  n u m e r i ­
c a l l y  i n  the r a t i o  of 1 ?2 ,
S e t t y  w o r k e d  w i t h  m i l d  s t e e l  a n d  s h o w e d  t h a t  
t e n s i l e  s t r e s s e s  o f  a m a g n i t u d e  n e a r  to th e  y i e l d  p o i n t  
w o u l d  c a u s e  t h e  h a r d n e s s  bo f a l l  b y  a n  e q u i v a l e n t  of 
52  H V  w h e n  u s i n g  a d i a m o n d  i n d e n t o r .  H e  a l s o  s h o w e d  
t h a t  the d e c r e a s e  i n  h a r d n e s s  d u e  to t e n s i l e  s t r e s s e s  
w a s  s m a l l e r  w h e n  s t r e s s  g r a d i e n t s  w e r e  p r e s e n t  t h a n  w h a t  
it w o u l d  b e  i f  u n i f o r m  s t r e s s e s  o f  the s a m e  v a l u e  as the 
m a x i m u m  i n  th e g r a d i e n t  e x i s t e d .  S e t t y  f o u n d  a  l i n e a r  
r e l a t i o n s h i p  b e t w e e n  c h a n g e  i n  h a r d n e s s  a n d  m a g n i t u d e  
of r e s i d u a l  s t r e s s  f r o m  z e r o  to v a l u e s  n e a r  to th e y i e l d  
p o i n t  o f  th e m a t e r i a l .
I n  th e p r e s e n t  wo>.±, the m a x i m u m  a x i a l  c o m p r e s ­
s i v e  s t r e s s  o b t a i n e d  w i t h  b a r  ff'i a f t e r  s h o t  p e e n i n g  a n d  
l o w  t e m p e r a t u r e  h e a t  t r e a t m e n t  is a p p r o x i m a t e l y  
160 000 l b f / i n ^  a n d  th e  c o r r e s p o n d i n g  h a r d n e s s  i n c r e a s e  
is 35 HV. U s i n g  S e t t y 1s l i n e a r  r e l a t i o n s h i p  a n d  B l a i n * s  
h a r d n e s s / c o m p r e s s i v e  s t r e s s / t e n s i l e  s t r e s s  r e l a t i o n s h i p s ,  
o n e  c a n  s h o w  t h a t  th e 5 H V  i n c r e a s e  i n  h a r d n e s s  a f t e r  a 
h e a t  t r e a t m e n t  o f  220° C  f o r  30 m i n u t e s  is e q u i v a l e n t  to 
the e l i m i n a t i o n  of a t e n s i l e  s t r e s s  of 11 500 l b f / i n ^ *
A t t e m p t s  w e r e  m a d e  to s t u d y  the d e n s i t y  of 
d i s l o c a t i o n s  i n  th e  p e e n e d  s u r f a c e  u s i n g  a n  e l e c t r o n  
m i c r o s c o p e  a n d  a t e c h n i q u e  r e c e n t l y  d e v e l o p e d  f o r  p r o ­
d u c i n g  t h i n  f o i l s  f r o m  h a r d e n e d  a n d  t e m p e r e d  s t e e l s ^ ® ) #  
H o w e v e r ,  i n  a l l  t h e  s p e c i m e n s  e x a m i n e d  t h e r e  w a s  n o  
s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  th e d i s l o c a t i o n  d e n s i t y  
i n  the c o r e  a n d  i n  th e s h o t  p e e n e d  l a y e r *  T h i s  c o u l d  
h a v e  b e e n  d u e  to t h e  d i s l o c a t i o n  d i s t r i b u t i o n  b e i n g  
m o d i f i e d  b y  t h e  r e m o v a l  o f  m a t e r i a l  d u r i n g  e l e c t r o ­
p o l i s h i n g  f o r  f o i l  p r e p a r a t i o n ,  or th e  m a s k i n g  o f  d i s ­
l o c a t i o n s  b y  th e e x t r e m e l y  f i n e l y  d i v i d e d  a n d  c o m p l i ­
c a t e d  s t r u c t u r e  o f  t h e  s t e e l .  I t  is d o u b t f u l  w h e t h e r  
m o d i f i c a t i o n  o f  t h is a v e n u e  of e x p l o r a t i o n  w o u l d  b r i n g  
f o r t h  p o s i t i v e  r e s u l t s .
S i n c e  the h a r d n e s s  o f  t h e  s h o t  u s e d  w a s  s l i g h t l y  
l e s s  t h a n  t h a t  of t h e  s t e e l  b e i n g  t r e a t e d ,  it w o u l d  b e  
of i n t e r e s t  to d e t e r m i n e  w h e t h e r  a n  i m p r o v e d  s h o t  c o u l d  
b e  d e v e l o p e d  w h i c h  w o u l d  g i v e  a h i g h e r  h a r d n e s s  w i t h o u t  
l o s s  of t o u g h n e s s .  I t  is i m p o r t a n t  t h a t  the s h o t  
s h o u l d  n o t  b e  b r i t t l e ,  b u t  a n  i n c r e a s e d  h a r d n e s s  m i g h t  
w e l l  r e s u l t  i n  m o r e  e f f i c i e n t  p e e n i n g  b e i n g  c a r r i e d  ou t 
i n  a s h o r t e r  p e r i o d  o f  time, a d e v e l o p m e n t  w h i c h  w o u l d  
b e  e c o n o m i c a l l y  a t t r a c t i v e  i n  i n d u s t r y .
( 9 1  )
(92)
D E S I G N ,  P R E P A R A T I O N  A N D  S U R F A C E  F I N I S H  O F  
T O R S I O N A L  F A T I G U E  S P E C I M E N S
9 * 1 D e s i g n
T h e  d i m e n s i o n s  of the f i n i s h e d  f a t i g u e  s p e c i m e n  
a r e  g i v e n  i n  Fig. 30. T h i s  p a r t i c u l a r  d e s i g n ,  w h i c h  h a s  a 
p a r a l l e l  s e c t i o n  i n  the z o n e  of m a x i m u m  s t r e s s ,  is s u i t ­
ab l e  f o r  t e s t i n g  i n  a S c h e n c k  m a c h i n e ,  m o d e l  P W X N  w h i c h  
w a s  u s e d  f o r  the t o r s i o n a l  f a t i g u e  t e s t i n g  p r o g r a m m e .  A  
s c h e m a t i c  d i a g r a m  of t h i s  m a c h i n e ,  s h o w i n g  t h e  p r i n c i p a l  
p a r t s ,  is g i v e n  i n  Fig, 31*
T h e  m a x i m u m  t o r s i o n a l  s h e a r  s t r e s s  i n  the 
s p e c i m e n  w a s  d e r i v e d  f r o m  the f o r m u l a
; c T  
K d J
w h e r e  T  is th e t o r q u e  a p p l i e d  a n d  d t h e  d i a m e t e r  of th e 
w a i s t  o f  th e s p e c i m e n *
9 . 2  P r e p a r a t i o n  a n d  s u r f a c e  f i n i s h
T h e  s p e c i m e n s  w e r e  f i r s t  m a c h i n e d  i n  t h e  a n n e a l e d  
s t a t e  to a d i a m e t e r  0.020 i n  o v e r s i z e ,  s u b s e q u e n t  to w h i c h  
the a p p r o p r i a t e  h e a t  t r e a t m e n t  w a s  c a r r i e d  out. T h e y  w e r e  
t h e n  g r o u n d  al l o v e r  to a c h i e v e  th e  f i n i s h e d  d i m e n s i o n s ,  
u s i n g  th e s e q u e n c e  l a i d  d o w n  i n  B . S . 3 5 1 8 ,  P a r t  2, v i z ; -
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( 0 C y c 3. e c o u n t  er
(2) D r i v i n g  m o t o r
(3) A d j u s t a b l e  w o r m  g e a r
(4) V a r i a b l e  t h r o w  e c c e n t r i c
(5) G r i p p i n g  L e a d s
(6) D i a l  g a u g e
(7) D y n a m o m e  t e r
(8) S p e c i m e n

( 9 6 )
1 # R e m o v e  l a y e r s  0.001 i n  t h i c k  ( e n t a i l i n g  8 
o p e r a t i o n s )
2® R e m o v e  l a y e r s  0 . 0 0 0 2  i n  t h i c k  ( e n t a i l i n g  7 
o p e r a t i o n s )
3. R e m o v e  l a y e r s  0. 0 0 0 1  i n  t h i c k  ( e n t a i l i n g  6 
o p e r a t i o n s )
W h e n  p o l i s h i n g  w a s  r e q u i r e d ,  t h i s  w a s  c a r r i e d
o u t  o n  a M o r r i s o n  p o l i s h i n g  m a c h i n e  (Fig. 32), to w h i c h  
a n  a u t o m a t i c  t i m i n g  a n d  s w i t c h  o f f  m e c h a n i s m  h a d  b e e n  
s p e c i a l l y  f i t t e d #  T h i s  ty pe of m a c h i n e  u s e s  a c o n t i n u o u s  
s t r i p  of c a r b o r u n d u m  p a p e r  w h i c h  p a s s e s  i n t o  c o n t a c t  w i t h  
t h e  s p e c i m e n  s u r f a c e  o n l y  once, a f t e r  w h i c h  it is d i s ­
c a r d e d *  I t  lias th e a d v a n t a g e  t h a t  the m e t a l  s u r f a c e  is 
b e i n g  cut b y  a k n o w n  g r i t  s i z e  of s t a n d a r d  s h a r p n e s s ,  so 
t h a t  the c o n t r o l  of f i n i s h  c a n  be c a r r i e d  o u t  e x t r e m e l y  
p r e c i s e l y  and, w i t h  the m o d i f i c a t i o n ,  o n  a t i m e  b a s i s .
T h e  s e q u e n c e  of p o l i s h i n g  w i t h  v a r i o u s  g r a d e s  
of paper* w a s  as f o l l o w s :
G r i t  s i s e  N o ,
180
1 50
T i m e  (m i n . ) 
20 
20
220
260 15
4
320 15
400 1 0
500 5
(97 )
FIG. 32 M O R R I S O N  P O L I S H I N G  M A C H I N E  A N D  T I M I N G  
A T T A C H M E N T  W I T H  T O R S I O N  S P E C I M E N  IN 
P O S I T I O N
( 9 8 )
T h e  t i m e  o f  p o l i s h i n g  w i t h  e a c h  p a p e r  w a s  a u t o ­
m a t i c a l l y  c o n t r o l l e d ,  so t h a t  w h e n  the a l l o t t e d  ti me h a d  
e x p i r e d ,  t h e  m a c h i n e  s w i t c h e d  i t s e l f  off. T h e  t i m e  p e r i o d  
s e l e c t e d  f o r  the c o a r s e s t  g r a d e  of p a p e r  w a s  t h a t  w h i c h  
w a s  s u f f i c i e n t  to r e m o v e  a l l  g r i n d i n g  m a r k s .  T h e  t i m e  
p e r i o d s  f o r  the s u b s e q u e n t  p a p e r s  w e r e  s u f f i c i e n t  to 
r e m o v e  m a r k s  c a u s e d  b y  th e p r e c e d i n g  c o a r s e r  grad e.
A l l  f a t i g u e  s p e c i m e n s ,  w h a t e v e r  th e s u r f a c e  
f i n i s h ,  w e r e  g i v e n  a t h i n  c o a t i n g  of g r e a s e  to p r o t e c t  
th e s u r f a c e  f r o m  the a t m o s p h e r e  d u r i n g  t e s t i n g *  T h i s  
e n s u r e d  t h a t  at th e l o n g e r  t i m e s  of t e s t i n g ,  f a i l u r e  w a s  
n o t  i n f l u e n c e d  at a l l  b y  a n y  s l i g h t  o x i d a t i o n  of th e s t e e l  
s u r f a c e  o f  th e s p e c i m e n  w h i c h  m i g h t  o t h e r w i s e  o c c u r .
Fig. 33 s h o w s  T a l y s u r f  m e a s u r e m e n t s  t a k e n  o n  
t h e  g r o u n d  a n d  th e p o l i s h e d  s u r f a c e s .  T h e  g r o u n d  s u r f a c e  
h a d  a c e n t r e  l i n e  a v e r a g e  v a l u e  of 4-0 m i c r o i n c h e s  a n d  t h e  
p o l i s h e d  s u r f a c e  3 m i c r o i n c h e s ,
Ho r i z o n t a l  x z o
V E R T ^ L  X \ 0 0 0
FIG. 33 T A L Y S U R F  M E A S U R E M E N T S
( U P P E R  T R A C E )  G R O U N D  S U R F A C E  
C L A  40 M I C R O  I N C H E S
( L O W E R  T R A C E )  G R O U N D  A N D  P O L I S H E D  
S U R F A C E  C L A  3 M I C R O  I N C H E S
( 1 0 0 )
C H A P T E R  10 
E F F E C T  O F  M E T H O D  O F  S U R F A C E  G R I N D I N G  O N  
F A T I G U E  S T R E N G T H
I t  is w e l l  k n o w n  t h a t  c o l d  w o r k  of th e s u r f a c e  
c a n  a f f e c t  the f a t i g u e  s t r e n g t h  of a c o m p o n e n t  e i t h e r  
b e n e f i c i a l l y  or d e l e t e r i o u s l y , a c c o r d i n g  to w h e t h e r  the 
r e s i d u a l  s t r e s s  i n d u c e d  is c o m p r e s s i v e  ox^ t e n s i l e .
T a r a s o v  a n d  G r o v e r ( 5 9 )  s h o w e d  t h a t  i n c r e a s e d  s e v e r i t y  of 
g r i n d i n g  r e s u l t e d  i n  a d e c r e a s e  i n  f a t i g u e  l i m i t  b e l o w  
t h a t  f o r  g e n t l y  g r o u n d  b a r s  a n d  th a t  s u b s e q u e n t  p o l i s h i n g  
d i d  n o t  r e m e d y  th e s i t u a t i o n ,  R e m o n s t r a t i n g  t h a t  s u r f a c e  
s m o o t h n e s s  a l o n e  is n o t  th e o n l y  c r i t e r i o n  i n f l u e n c i n g  
f a t i g u e  s t r e n g t h  w h e n  s e v e r e  g r i n d i n g  h a s  a l r e a d y  b e e n  
c a r r i e d  out.
B o y e r (^0) m e a s u r e d  th e r e s i d u a l  s t r e s s e s  d u e  to 
gx’i n d i n g  a n d  f o u n d  t h e m  to b e  t e n s i l e  at t h e  s u r f a c e .
L e t n e r f ^  ) a n d  T a r a s o v ,  H y l e r  a n d  L e t n e r ^ ^ ^  u s e d  X - r a y s  
to d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  r e s i d u a l  s t r e s s  d u e  to 
g r i n d i n g  a n d  th e e f f e c t  o n  f a t i g u e  s t r e n g t h .  T h e y  f o u n d  
a r e s i d u a l  c o m p r e s s i v e  s t r e s s  o f  80 000 l b f / i n ^  at th e
s u r f a c e  a n d  a t e n s i l e  s t r e s s  o f  40 000 l b f / i n ^  o n l y  0®007 i n
\
T e l o w ,  T h e y  a s c r i b e d  t h e  c o m p r e s s i v e  s t r e s s  to m e c h a n i c a l  
d e f o r m a t i o n  of the s u r f a c e  l a y e r s  a n d  the t e n s i l e  s t r e s s  
to a s h r i n k a g e  of t h e  s u r f a c e  l a y e r s  d u e  to t e m p e r i n g  o f  
th e s u r f a c e  w h i c h  o c c u r r e d  d u e  to t h e  h e a t  g e n e r a t e d  b y  
g r i n d i n g  w h i l e  th e c o r e  r e m a i n e d  u n a f f e c t e d .
( 1 0 1 )
W h e n  p r e p a r i n g  th e s u r f a c e  of t o r s i o n  f a t i g u e  
s p e c i m e n s ?  t h e r e f o r e ?  ca r e  m u s t  h e  t a k e n  to e n s u r e  t h a t  a n y  
p a r a s i t i c  r e s i d u a l  s t r e s s  i n t r o d u c e d  is r e d u c e d  to a n  
a b s o l u t e  m i n i m u m ?  a n d  D a v i e s  (63) h a s  r e p o r t e d  t h a t  g r i n d ­
ing? w h e n  c a r e f u l l y  c a r r i e d  out, h a s  l i t t l e  e f f e c t  o n  
f a t i g u e  s t r e n g t h .
I n  al l t h e  c u r r e n t  r e s e a r c h ?  t h e  f a t i g u e  s p e c i ­
m e n s  are m a c h i n e d  to s l i g h t l y  o v e r s i z e  p r i o r  to h e a t  t r e a t ­
m e n t  a n d  al l m a c h i n i n g  s t r e s s e s  are r e m o v e d  b y  t h e  s u b ­
s e q u e n t  h a r d e n i n g  a n d  t e m p e r i n g *  A f t e r  h e a t  t r e a t m e n t ?  
h o w e v e r ,  th e s p e c i m e n s  ar e g r o u n d  to f i n i s h e d  s i z e  p r i o r  
to p o l i s h i n g ,  i n  o r d e r  to r e m o v e  a n y  t r a c e  of p a r t i a l  d e c a r -  
b u r i s a t i o n  w h i c h  m a y  h a v e  o c c u r r e d  d u r i n g  h e a t i n g  f o r  
q u e n c h i n g *  It is n e c e s s a r y ,  t h e r e f o r e ,  to u s e  a m e t h o d  
of g r i n d i n g  w h i c h  i n t r o d u c e s  v e r y  l i t t l e  r e s i d u a l  s t re ss .
T w o  t y p e s  of g r i n d i n g  w e r e  a v a i l a b l e , On e w a s  a " c o m m e r c i a l  
grade?" w h i c h  r e m o v e d  a d e p t h  o f  0*009 i n  i n  9 © q u a l  cuts, 
f o l l o w e d  b y  0.0005 in. i n  o n e  cut a n d  a f i n a l  cut of 0*0001 in, 
m a k i n g  a t o t a l  d e p t h  o f  m e t a l  r e m o v e d  o f  0.0096 in i n  11 
o p e r a t i o n s ,  The o t h e r  w a s  t h a t  l a i d  d o w n  i n  3 . 8 , 3 5 1 8,
P a r t  2, a n d  c o n s i s t e d  of r e m o v i n g  8 l a y e r s  of 0.001 in, 
f o l l o w e d  b y  7 l a y e r s  of 0.0002 i n  a n d  f i n a l l y  6 l a y e r s  of 
0,0001 in, so t h a t  a t o t a l  of 0.010 i n  is r e m o v e d  i n  21 
o p e r a t i o n s „
( 1 0 2 )
Two batches of fatigue specimens, to the same 
En 45 composition as has been used throughout the whole of 
this research, were machined, hardened by quenching into 
oil from a protective atmosphere furnace at 870°C and 
tempered in an air circulating furnace to give a hardness 
of 465 HV, One batch was then ground to finished size, 
using the "commercial" steps and the other using the pro­
cedure laid down in B.S. 3518 . During grinding, a copious 
supply of coolant was provided to ensure that local heat­
ing did not take place. Each specimen was then put through 
the standard polishing procedure laid down in Section 9-2, 
j Both batches of specimens were then fatigue
tested in repeated torsion with zero initial stress and a 
range of maximum stresses until the specimens either 
failed or achieved a life of 3 x 10^ cycles, whichever was 
the sooner. The results for the "commercial grade" of 
grinding are given in Fig. 34 and those for grinding to 
B. S. 35*18 in Fig. 35* Ln the former case, the fatigue 
limit is 93 000 lbf/in2 and in the latter 96 500 lbf/in2, 
so that with the B.S.S, method of grinding, the fatigue 
limit is higher by 3500 lbf/in2 and there is far less 
scatter about the S-N curve. Grinding marks, which could 
have acted as stress raisers, were removed by the subse­
quent polishing operation, so that the on3.y factor which
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( 1 0 5 )
c o u l d  c a u s e  th e  d i f f e r e n c e  w a s  r e s i d u a l  s t r e s s  i n  th e 
s u r f a c e  of t h e  s p e c i m e n s  w h i c h  h a d  r e c e i v e d  the " c o m m e r ­
c i a l  g r a d e "  of g r i n d .  As the f a t i g u e  l i m i t  w a s  l o w e r  
w i t h  the c o m m e r c i a l  g r i n d ,  the residua], s t r e s s  m u s t  h a v e  
b e e n  t e n s i l e .  T h e  c o n s i d e r a b l e  s c a t t e r  i n  r e s u l t s  o b t a i n e d  
w i t h  t h i s  t r e a t m e n t  i n d i c a t e s  t h a t  the r e s i d u a l  t e n s i l e  
s t r e s s e s  i n d u c e d  are i r r e g u l a r  i n  m a g n i t u d e .  C o n v e r s e l y ,  
t h e r e f o r e ,  w i t h  c a r e f u l l y  g r o u n d  a n d  p o l i s h e d  s p e c i m e n s  
h a v i n g  a h o m o g e n e o u s  m e t a l l u r g i c a l  s t r u c t u r e ,  on e  c a n  
e x p e c t  a b s e n c e  o f  s c a t t e r  to i n d i c a t e  a b s e n c e  of g r i n d i n g  
s t r e s s e s  a n d  t h i s  is a p p a r e n t  f r o m  Fi g* 3 5 ®
T h e  r e s u l t s  s h o w  t h a t  c o m p r e s s i v e  s t r e s s e s  d u e  
to t e m p e r i n g ,  as r e p o r t e d  b y  L e t n e r  a n d  h i s  C o - w o r k e r s ,  
ar e n o t  l i k e l y  to o c c u r  i f  a d e q u a t e  c o o l i n g  a c c o m p a n i e s  
the g r i n d i n g  o p e r a t i o n *  T h e  w o r k  c o n f i r m s  t h a t  r e s i d u a l  
s t r e s s  i n d u c e d  w i l l  t h e n  a l w a y s  b e  t e n s i l e  as r e p o r t e d  b y  
T a r a s o v  a n d  G r o v e r ,  a n d  B o y e r ,  a n d  that, as r e p o r t e d  b y  
D a v i e s ,  i f  the g r i n d i n g  is c a r e f u l l y  c a r r i e d  ou t  th e a m o u n t  
of r e s i d u a l  s t r e s s  w i l l  b e  n e g l i g i b l e .  T h i s  d e m o n s t r a t e s  
th e a d v a n t a g e  of u s i n g  th e  f i n e r  m e t h o d  l a i d  d o w n  i n  
B o S . 3518. As a r e s u l t ,  a l l  f a t i g u e  s p e c i m e n s  u s e d  i n  t h e  
r e s e a r c h  w h i c h  f o l l o w s  h a v e  b e e n  g r o u n d  i n  a c c o r d a n c e  w i t h  
B o S . 3 5 1 8 ,  P a r t  2 0
( 7 06 )
C H A P T E R  11 
E F F E C T  O F  H A R D N E S S  O N  F A T I G U E  S T R E N G T H
F o r  m o s t  m a t e r i a l s  t h e r e  is a p a r a b o l i c  l a w  
r e l a t i n g  t e n s i l e  s t r e n g t h  (or h a r d n e s s )  a n d  f a t i g u e  s t r e n g t h ,  
T h e  r e l a t i o n s h i p  g e n e r a l l y  t a k e s  the f o r m  o f  the f a t i g u e  
s t r e n g t h  i n c r e a s i n g  w i t h  h a r d n e s s  u n t i l  a c e r t a i n  v a l u e  is 
a c h i e v e d ,  a f t e r  w h i c h  a n y  f u r t h e r  i n c r e a s e  i n  h a r d n e s s  w i l l  
l e a d  to a f a l l  i n  f a t i g u e  s t r e n g t h ®  I t  is o f  i n t e r e s t ,  
t h e r e f o r e ,  to e x a m i n e  the f a t i g u e  b e h a v i o u r  of s i l i c o n  
m a n g a n e s e  s t e e l  to E n  45 c o m p o s i t i o n  w i t h  h a r d n e s s  w i t h i n  
th e r a n g ©  4 5 0  K V  to 3 5 0  HV, s i n c e  it is i n  t h i s  r a n g e  t h a t  
t h e  s t e e l  is g e n e r a l l y  u s e d  c o m m e r c i a l l y .
T w o  b a t c h e s  of p o l i s h e d  f a t i g u e  s p e c i m e n s  w e r e  
p r e p a r e d  i n  th e  m a n n e r  d e s c r i b e d  i n  S e c t i o n  9 * 2  a n d  q u e n c h e d  
f r o m  a p r o t e c t i v e  a t m o s p h e r e  f u r n a c e  at $ ' 70Q C i n t o  o i l  a n d  
s u b s e q u e n t l y  t e m p e r e d *  T h e  t e m p e r i n g  t i m e s  w e r e  s e l e c t e d  
so t h a t  th e two b a t c h e s  g a v e  h a r d n e s s  v a l u e s  of 510 a n d
5 4 0  HV. T h e y  w e r e  t h e n  f a t i g u e  t e s t e d  a n d  c o m p a r e d  w i t h
t h e  d a t a  s h o w n  i n  Fi g* 35 f o r  465 H V  s t e e l .
T h e  r e s u l t s  are s h o w n  i n  Fig, 36. It m a y  b e
s e e n  w h e n  c o m p a r i n g  t h e  r e s u l t s  f o r  h a r d n e s s e s  of 465 H V  
a n d  5 1 0  H V  t h a t  th e e f f e c t  o f  i n c r e a s i n g  h a r d n e s s  is to 
i n c r e a s e  the f a t i g u e  l i m i t  f r o m  96 500 l b f / i n 2 to
l b f / i n ^
x  i o 3
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C y c l e s '  (LO£J1 q N)
E F F E C T  OF HARDNESS ON T H E  TORSIONAL FATIGUE STRENGTH 
OF E n  4 5 *  GROUND AND PO LISH ED
( 1 0 8 )
107 0 0 0  I b f / i n ^  a n d  to m o v e  the "k ne e" of t h e  S - N  c u r v e  
to t h e  r i g h t .  A t  the s a m e  time, t h e  l e f t  h a n d  e n d  of t h e  
c u r v e  m o v e s  u p w a r d s  b u t  to a l e s s e r  e x t e n t ,  so t h a t  the 
o v e r a l l  e f f e c t  is to f l a t t e n  t h e  s l o p i n g  p o r t i o n  o f  the 
c u r v e „ T h e r e  is, h o w e v e r ,  no d i f f e r e n c e  i n  the f a t i g u e  
l i m i t s  of the s t e e l s  h a v i n g  h a r d n e s s e s  of 5 1 0  H V  a n d  
5 4 0  H V ; th e  k n e e s  o f  th e two c u r v e s  a l s o  c o i n c i d e .  T h e  
s l o p i n g  p a r t s  of th e c u r v e s  ar e s i m i l a r ,  a l t h o u g h  t h a t  f o r  
5 4 0  H V  is s l i g h t l y  s t e e p e r .
T h e r e  is, t h e r e f o r e ,  a n  a d v a n t a g e  i n  i n c r e a s i n g  
t h e  h a r d n e s s  of t h e  s t e e l  f r o m  4 6 5  to 5 ^ 0  HV, b o t h  f r o m  
the p o i n t  o f  y i e w  o f  l i m i t e d  a n d  u n l i m i t e d  l i fe , b u t  o n l y  
f o r  u n l i m i t e d  l i f e  is t h e r e  a n  a d v a n t a g e  i n  i n c r e a s i n g  it 
to a v a l u e  h i g h e r  t h a n  th is . T h e  e n v e l o p e  w h i c h  c a n  b e  
d r a w n  to c o n t a i n  t h e  s l o p i n g  p a r t s  of the t h r e e  c u r v e s  
c o n v e r g e s  s l i g h t l y  as the s t r e s s e s  i n c r e a s e ,  so t h a t  th e  
b e n e f i c i a l  e f f e c t  of i n c r e a s e d  h a r d n e s s  o n  l i f e  is m o r e  
m a r k e d  at th e l o w e r  s t r e s s  l e v e l s .
(109)
12.1 C u r r e n t  r e s e a r c h
T h r e e  b a t c h e s  of f a t i g u e  s p e c i m e n s  p r e p a r e d  i n
e x a c t l y  th e s a m e  m a n n e r  as t h o s e  i n  the p r e v i o u s  s e c t i o n
a n d  t e m p e r e d  to the s a m e  h a r d n e s s  l e v e l s  of 465» 510 a n d
54 0  H V  w e r e  s h o t  p e e n e d  w i t h  0 * 0 3 5  ~ 0 * 0 4 0  i n  d i a m e t e r
c o n d i t i o n e d  cut w i r e  to a n  A l m e n  c o m p a r a t o r  r e a d i n g  of
0 , 0 2 2  A2. T h e y  w e r e  t h e n  f a t i g u e  t e s t e d  u n t i l  t h e y  f a i l e d
or u n t i l  a l i f e  o f  3 x  10^ c y c l e s  w a s  a c h i e v e d ;  w h i c h e v e r
w a s  th e s o o n e r .
T h e  r e s u l t s  ar e s h o w n  i n  F i g s .  37 - 3 9 ?  t o g e t h e r
w i t h  the u n p e e n e d  S - N  c u r v e s  f o r  the s a m e  h a r d n e s s .
It  m a y  b e  s e e n  t h a t  the e f f e c t  of shot p e e n i n g
the p o l i s h e d  s u r f a c e  is to i n c r e a s e  the f a t i g u e  l i m i t  a n d
m o v e  the " k n e e "  of t h e  S - N  c u r v e  to the ri g h t ,  so t h a t  the
e f f e c t  is s i m i l a r  to b u t  g r e a t e r  t h a n  t h a t  of i n c r e a s i n g
h a r d n e s s .  A n  i m p o r t a n t  f e a t u r e  is t h a t  i n  t h e  s h o t  p e e n e d
c o n d i t i o n ,  it h a s  n o t  b e e n  p o s s i b l e  to d e f i n e  the a c t u a l
p o s i t i o n  of the k n e e  o f  th e c u r v e  a n d  t h e r e f o r e  t h e  l e v e l
of th e f a t i g u e  l i m i t ,e v e n  w h e n  t e s t i n g  to a  l i f e  of 3 s  1 07
c y c l e s .  T h i s  a s p e c t  h a s  n o t  b e e n  r e p o r t e d  b e f o r e  i n  t h e
l i t e r a t u r e  f o r  a n y  s t e e l  a n d  m a y  b e  d u e  to a n  a s s u m p t i o n
7b y  o t h e r  w o r k e r s  t h a t  s u r v i v a l  to 10 c y c l e s  i m p l i e d  i n f i ­
n i t e  f a t i g u e  life.
CHAPTER 12
EFFECT OF SHOT PEENING ON FATIGUE STRENGTH
( 1 1 0 )
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T O R S I O N A L  F A T I G U E  C U R V E S  F O R  E a  45 S H O W I N G  E F F E C T  
O F  P E E N I N G
( 1 1 3 )
T h e  p e e n e d  a n d  u n p e e n e d  c u r v e s  f o r  4 6 5  H V  
(Fig, 37) c r o s s  o v e r  at the p o i n t  r e p r e s e n t e d  b y  a s t r e s s  
o f  134 0 0 0  l b f / i n ^ ,  so t h a t  at ver}>* h i g h  s t r e s s  a n d  s h o r t  
life, the u n p e e n e d  s t e e l  h a s  a h i g h e r  f a t i g u e  s t r e n g t h  
t h a n  t h a t  w h i c h  h a s  b e e n  p e e n e d .  T h i s  p h e n o m e n o n  is n o t  
a p p a r e n t  w i t h  th e tw o s t e e l s  o f  h i g h e r  h a r d n e s s  (Figs, 38 
&  39)* It m i g h t  b e  d u e  to t o r s i o n a l  p l a s t i c  d e f o r m a t i o n  
of t h e  s u r f a c e ,  w h i c h  c o u l d  i n  t u r n  l e a d  to r e d i s t r i b u t i o n  
of t h e  s h o t  p e e n i n g  r e s i d u a l  s t r e s s ,  a n d  so t e n d  to 
c a n c e l  out it s b e n e f i c i a l  e f f e c t .  O n c e  th is s i t u a t i o n  
h a s  a r i s e n ,  the i n d e n t a t i o n s  i n  th e s u r f a c e  d u e  to p e e n i n g  
w o u l d  b e c o m e  i m p o r t a n t ,  s i n c e  t h e y  w o u l d  ac t as s t r e s s  
r a i s e r s  a n d  r e s u l t  i n  a f a t i g u e  s t r e n g t h  o f  th e p e e n e d  
s p e c i m e n s  w h i c h  w o u l d  b e  l o w e r  t h a n  t h a t  of s p e c i m e n s  u n ­
p e e n e d  a n d  p o l i s h e d .  T h e  tw o s t e e l s  of h i g h e r  h a r d n e s s  
w o u l d  h a v e  h i g h e r  s t r e n g t h  a n d  t h e r e f o r e  b e  l e s s  s u s c e p t i b l e  
to s u c h  a r e d i s t r i b u t i o n  o f  r e s i d u a l  s t r e s s  o v e r  t h e  r a n g e  
o f  a p p l i e d  s t r e s s  i n v e s t i g a t e d .
T h e  t h r e e  s h o t  p e e n e d  c u r v e s  ar e r e p r o d u c e d  t o ­
g e t h e r  i n  Fig, 40 w i t h o u t  the e x p e r i m e n t a l  p o i n t s  f o r  
r e a s o n s  of c l a r i t y .  It m a y  b e  s e e n  t h a t  t h e  e f f e c t  of 
i n c r e a s e  i n  s t e e l  h a r d n e s s  is to i n c r e a s e  th e g r a d i e n t  of 
t h e  S - N  c u r v e  e v e n  t h o u g h  i n  two c a s e s  th e h a r d n e s s  o f  th e 
s t e e l  is g r e a t e r  t h a n  t h a t  o f  the shot (4 30 HV ) w i t h  w h i c h
( 1 1 4 )
CM
S
\
q
o
+»
03
CO
0
U
+3
03
U
0+3
cd
a
0
?A
t)
tt
flj
SS
70 n
6o
50
4 o -
30
100
3 0
4 5 6
C y c l e s  (Log' N)
F I G T O R S I O N A L  F A T I G U E  C U R V E S  F O R  S H O T  P E E K E D  E n  45 
A T  3 L E V E L S  O F  H A R D N E S S
( 1 1 5 )
it h a s  b e e n  p e e n e d .  Th u s ,  f o r  l i m i t e d  l i v e s  h i g h e r  
s t r e s s e s  m a y  b e  e n d u r e d  b y  s h o t  p e e n e d  s t e e l s  h a v i n g  
h i g h e r  h a r d n e s s e s .  A n  i n t e r e s t i n g  f e a t u r e  is t h a t  a l l  
t h r e e  c u r v e s  i n t e r s e c t  at t h e  s a m e  p o i n t ,  v i z ®  a s t r e s s  
of 123 000 l b f / i n 2 a n d  a l i f e  of 30 x 1 0 1 c y c l e s .  It 
is p o s s i b l e  t h a t  t h i s  is i n  the r e g i o n  of the f a t i g u e  
l i m i t  w h e r e  th e  t h r e e  s t e e l s  m a y  s h a r e  a c o m m o n  v a l u e ,  
b u t  f u r t h e r  f a t i g u e  t e s t i n g  to m u c h  l o n g e r  l i v e s  w o u l d  
b e  n e c e s s a r y  to e s t a b l i s h  this. T h e  e x i s t i n g  f a t i g u e  
t e s t i n g  e q u i p m e n t  is n o t  s u i t a b l e  f o r  s u c h  a n  i n v e s t i g a ­
t i o n  since, at a l i f e  o f  10^ c y c l e s  it w o u l d  t a k e  n i n e  
m o n t h s  to e s t a b l i s h  a s i n g l e  e x p e r i m e n t a l  p o i n t ,  A  
m a c h i n e  c a p a b l e  of t h e  m u l t i p l e  f a t i g u e  t e s t i n g  o f  s e v e r a l  
s p e c i m e n s  at the s a m e  t i m e  an d  at h i g h e r  s p e e d s  w o u l d  b e  
n e c e s s a r y „
A  t y p i c a l  f r a c t u r e  of on e of the s p e c i m e n s  
u s e d  to o b t a i n  the p e e n e d  S ~ N  c u r v e  i n  Fi g® 37 is s h o w n  
i n  Fig* 41• T h e  s u b - s u r f a c e  o r i g i n  o f  f a i l u r e  c a n  b e  
c l e a r l y  s e e n  a n d  m e a s u r e m e n t s  m a d e  o n  it s h o w e d  this 
o r i g i n  to b e  a p p r o x i m a t e l y  0,015 i n  b e l o w  th e s u r f a c e ,
1 2 , 2  C o m p a r i s o n  w i t h  o t h e r  w o r k
T h e r e  is l i t t l e  p u b l i s h e d  w o r k  o n  t h e  e f f e c t  of 
s h o t  p e e n i n g  o n  th e t o r s i o n a l  f a t i g u e  s t r e n g t h  of s p r i n g  
s t e e l s  a n d  the o n l y  p r e v i o u s  i n f o r m a t i o n  o n  s h o t  p e e n e d
(1 1 6 )
xz
FIG. 41 FATIGUE FRACTURE OF SHOT PEENED SPECIMEN 
SHOWING SUB SURFACE ORIGIN
( 1 1 7 )
s i l i c o n  m a n g a n e s e  E n  4-5 w i t h  a c o r e  h a r d n e s s  o f  5 1 0  H V  
is d u e  to W a t k i n s o n ^ ^ / ( 5 0 )  ^ jj±s r e s u ± t s  a r e  r e p r o d u c e d  
i n  Fig. 42, t o g e t h e r  w i t h  t h e  s h o t  p e e n e d  c u r v e  r e p o r t e d  
i n  Fig, 38. I t  m a y  b e  s e e n  t h at the c u r v e s  are c o ­
i n c i d e n t  f o r  l i v e s  o f  u p  to 10^ c y c l e s ,  w h e r e  Watkinsonfe 
w o r k  t e r m i n a t e s .  O n e  u n b r o k e n  p o i n t  at t h i s  l i f e  l e d  
W a t k i n s o n  to a s s u m e  t h a t  t h e  f a t i g u e  l i m i t  ( 1 4 0  0 0 0  
l b f / i n ^ )  h a d  b e e n  r e a c h e d ;  it m a y  b e  se en , h o w e v e r ,  t h a t  
if t e s t i n g  is c o n t i n u e d  to l o n g e r  li v e s ,  s p e c i m e n s  c o n ­
t i n u e  to b r e a k  a n d  ar e b r e a k i n g  at a s t r e s s  of 123 000 
l b f / i n 2 e v e n  a f t e r  3 x  10^ c y c l e s .  As p r e v i o u s l y  s t a t e d ,  
n o  o t h e r  r e s e a r c h  w o r k e r  h a s  c o n t i n u e d  h i s  t o r s i o n a l  
f a t i g u e  t e s t i n g  to s u c h  a l a r g e  n u m b e r  of cy c l e s ,  p r e ­
s u m a b l y  d u e  to the l o n g  t i m e  p e r i o d s  i n v o l v e d .  T h e r e  
is t h e r e f o r e  n o  o t h e r  d a t a  a v a i l a b l e  f o r  c o m p a r i s o n  i n  
th is a r e a  of t h e  f a t i g u e  c u rv e.
It is c l e a r  t h a t  i f  t h e  f a t i g u e  l i m i t  i n  t o r s i o n  
of  s h o t  p e e n e d  E n  45 s t e e l  is to b e  o b t a i n e d ,  t h e n  t e s t ­
i n g  to l i v e s  i n  e x c e s s  o f  3 x  10? c y c l e s  w i l l  n e e d  to b e  
c a r r i e d  out. A l l  t h a t  c a n  b e  s a i d  at p r e s e n t  is t h a t  
f a t i g u e  l o a d i n g  at s t r e s s e s  b e l o w  123 000 l b f / i n ^  w i l l  
e n a b l e  l i v e s  i n  e x c e s s  of 3 x  10^ c y c l e s  to b e  a c h i e v e d ,  
b u t  if c y c l i c  l o a d i n g  i s  c o n t i n u e d  f o r  l o n g e r  t h a n  this, 
t h e n  f a i l u r e  m a y  oc c u r .
( D 8 )
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PIG* 42 TORSIONAL FATIGUE CUHVK FOR Era 45 SHORING 
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12*3 Investi gation of the relationshipbe.tween 
the fatigue da.ta and the residual stresses
A  t e n s i l e  s p e c i m e n  h a v i n g  s u i t a b l y  s h a p e d  e n d s  
w a s  p r e p a r e d  f r o m  t h e  s t o c k  o f  E n  45 s t e e l  a n d  h a r d e n e d  
a n d  t e m p e r e d  to a h a r d n e s s  l e v e l  of 51 0 HV. T h e  s u r f a c e  
w a s  g r o u n d  a n d  p o l i s h e d  i n  t h e  m a n n e r  u s e d  f o r  f a t i g u e  
s p e c i m e n s  w h i c h  is d e s c r i b e d  i n  S e c t i o n  9 o 2 0 T h e  s p e c i ­
m e n  w a s  t h e n  m o u n t e d  i n  a n  A m s l e r  30 t o n  u n i v e r s a l  
t e s t i n g  m a c h i n e  a n d  a s t r e s s / s t r a i n  c u r v e  i n  t e n s i o n  
o b t a i n e d .  T h i s  is s h ow n, w i t h  o r i g i n  s u p p r e s s e d  f o r  
c o n v e n i e n c e  of r e p r o d u c t i o n ,  i n  Fig® 43*
T h e  e l a s t i c  l i m i t  o f  the m a t e r i a l  is t h e  l i m i t ­
i n g  f a c t o r  f o r  the m a x i m u m  r e s i d u a l  s t r e s s  it is p o s s i b l e  
to o b t a i n ,  si nc e, w h e n  t h e  r e s i d u a l  s t r e s s  r e a c h e s  t h a t  
l e ve l, a n y  a d d i t i o n  w o u l d  b e  r e l i e v e d  b y  p l a s t i c  flow.
T h e  e l a s t i c  l i m i t  of the m a t e r i a l  w a s  186 0 0 0
p
I b f / i n  a n d  as s h o w n  i n  Fi g. 27? the a x i a l  r e s i d u a l
stress with zero applied stress was 1 64 700 lbf/in^#
T h e  r a t i o  ax i a l r e s i d u a l  s t r e ss _ 1 6 4 7 0 0  „ 0 8 8 5
E l a s t i c  l i m i t  186 0 0 0
so t h a t  the a x i a l  r e s i d u a l  s t r e s s  o b t a i n e d  b y  p e e n i n g
w a s  88,5/  o f  t h e  t h e o r e t i c a l  m a x i m u m  p o s s i b l e *
W h e n  t h e  s h o t  p e e n e d  m a t e r i a l  w a s  s t r e s s e d  at
a l e v e l  w h i c h  w o u l d  c a u s e  f a i l u r e  at 3 x  10? c y cl es , the
m a x i m u m  t e n s i l e  s t r e s s  0*015 L n  b e l o w  t h e  s u r f a c e  ( w h e r e
Porcentage ’ e1ongatton
F I G  o43 T E N S I L E  S T R E S S S T R A I N  CURVE FOR E n  hp
rc 
w 
rc*
( 1 2 1  )
f a i l u r e  o r i g i n a t e d )  o f  th e 0,5 i n  d i a m e t e r  s p e c i m e n  w a s
0 * 2 3 5  / o , o / \12 3 000 x T T ' T  I'bf/in2 = 1 1 5 000 lbf/in2 (17)u • 2 5 0
W h i l s t  the r e s u l t a n t  m a x i m u m  t e n s i l e  s t r e s s  at the s u r ­
f a c e  w h i c h  is g i v e n  by:
P  = f a R  + g t K  + j  C j & J l J A i S )2 + S 2 (18)
2  ~ \ j  { 2 )
■A tW M UM -IUCN fS
w a s  p 164- 700  +  71 400  f  ( 1 64  700  +  71 400 ) 2 1 „  0 2
2 V  ( 2 )
(19)
= 13 4 5 0  l b f / i n 2 ,
*
H o w e v e r ,  th e f r e e  s u r f a c e  o f  the u n p e e n e d  m a t e r i a l  w a s  
s h o w n  i n  Fig. 3 8  to b e  c a p a b l e  of w i t h s t a n d i n g  i n f i n i t e l y
/ pin''*. T h e  s u r f a c e  s t r e s s  
w a s  t h e r e f o r e  a p p r o x i m a t e l y  94 000 l b f / i n ^  b e l o w  the f r e e  
s u r f a c e  f a t i g u e  l i m i t  a n d  b y  v i r t u e  o f  t h i s  one w o u l d  n o t  
e x p e c t  f a i l u r e  to c o m m e n c e  at the s u r f a c e ,  b u t  b e l o w  it, 
w h e r e  the p r i n c i p a l  t e n s i l e  s t r e s s  w a s  a m a x i m u m ®
T o  e n s u r e  f a i l u r e  b e l o w  the s u r f a c e  it woLild 
h a v e  b e e n  s u f f i c i e n t  i f  t h e  a x i a l  a n d  t a n g e n t i a l  r e s i d u a l  
s t r e s s e s  h a d  b e e n  s u f f i c i e n t l y  l a r g e  t h a t  t h e  r e s o l v e d  
p r i n c i p a l  t e n s i l e  s t r e s s  i n  the s u r f a c e  w a s  j u s t  g r e a t e r
t h a n  the f a t i g u e  s t r e n g t h  o f  the f r e e  ( u n p e e n e d )  s u r ­
f a c e  ; i.e., if
107 0 0 0  < qaR + qtR + /(aaR " qtR) 2 + s 2
2 V ( 2 )
w h e r e  S m  is t h e  f a t i g u e  s t r e n g t h  o f  t h e  m a t r i x  o f  t h e  
m e t a l •
S i n c e  0a R  ^  2 o t R
a n d  f r o m  e q u a t i o n  ( 1 7 ) S m  = 115 000 l b f / i n 2 
th e r e q u i r e m e n t  is m e t  wh e n ;
q a R  = 18 5 0 0  l b f / i n 2 .
A t  t h e  p o i n t  0 . 0 1 5  in. b e l o w  th e p e e n e d  s u r f a c e ,  the 
p r i n c i p a l  s t r e s s  is g i v e n  by:
ZL, ^ G ^
7 2 4 0  + 2500 / ( 4 7 4 0 ) 2 2
p  -  — -  ------------------------- —  +  . /  -----------------------  +  1 1 5
2 - V  ( 2 )
= 119 850 l b f / i n 2 = 120 000 l b f / i n 2 a p p r o x .
T h e  f a t i g u e  s t r e n g t h  of the m a t e r i a l  at t h i s  p o i n t  is 
d e m o n s t r a t e d  b y  th e p e e n e d  c u r v e  i n  Fig, 38 a n d  s h o w n
( 1 2 3 )
so t h a t  f a i l u r e  h a s  t a k e n  p l a c e  d u e  to the m a x i m u m  p r i n ­
c i p a l  s t r e s s  b e i n g  120 000 - 115  000 ” 5000 I b f / i n ^  i n  
e x c e s s  o f  th e f a t i g u e  l i m i t ,
It is o f  i n t e r e s t  to n o t e  t h a t  on e c a n  g i v e  p r o ­
l o n g e d  p e r i o d s  o f  p e e n i n g ,  w h i c h ,  a l t h o u g h  n o t  p r o v i d i n g  
a d d i t i o n a l  b e n e f i t ,  a r e  n o t  d e l e t e r i o u s ,  s i n c e  the m a x i m u m  
t e n s i l e  s t r e s s  b e l o w  the s u r f a c e  h a s  n o t  b e e n  s i g n i f i c a n t l y  
i n c r e a s e d .  I f  it h a d  b e e n ,  t h e n  e x c e s s i v e  p e e n i n g , o r  o v e r  
peening, c o u l d  c a u s e  p r e m a t u r e  f a t i g u e  f a i l u r e ,  q u i t e  
a p a r t  f r o m  a n y  b r e a k  u p  o f  th e  s u r f a c e ,  d u e  t o  a n  i n c r e a s e  
i n  s u b  s u r f a c e  t e n s i l e  s t r e s s e s  b e i n g  b u i l t  u p  to b a l a n c e  
th e i n c r e a s e  i n  c o m p r e s s i v e  s t r e s s  t a k i n g  p l a c e  i n  the 
p l a s t i c a l l y  d e f o r m e d  l a y e r .  T h a t  t h i s  d i d  n o t  o c c u r  to 
a n y  m e a s u r a b l e  e x t e n t  w a s  d u e  to the f a c t  t h a t  the t h i c k ­
n e s s  o f  th e p l a s t i c a l l y  d e f o r m e d ,  c o m p r e s s i v e l y  s t r e s s e d ,  
l a y e r  w a s  s m a l l  c o m p a r e d  w i t h  th e t h i c k n e s s  of the e l a s t i c ,  
t e n s i l e  s t r e s s e d  core, so t h a t  the i n c r e a s e  i n  a r e a  u n d e r  
the c u r v e  d e n o t i n g  r e s i d u a l  t e n s i l e  s t r e s s  w a s  s m a l l  w h e n  
th e  r e s i d u a l  c o m p r e s s i v e  s t r e s s  i n  th e p l a s t i c  l a y e r  w a s  
i n c r e a s e d .  I n  t h e  c a s e  o f  t h i n  s e c t i o n s ,  h o w e v e r ,  it 
w o u l d  b e  p o s s i b l e  f o r  q u i t e  l a r g e  s u b c u t a n e o u s  t e n s i l e  
s t r e s s e s  to b e  b u i l t  u p  d u r i n g  p r o l o n g e d  p e e n i n g  w i t h  the 
p o s s i b i l i t y  of a f a l l i n g  o f f  i n  f a t i g u e  s t r e n g t h .
(1 24)
R ESIDUA!/ S T R E S S
1 3 o1 P r e v i o u s  w o r k
B u h l  ex' a n d  B u c h h o l z ( 6 4 ) e x a m i n e d  th e e f f e c t s  of 
s t r e s s  c y c l i n g  o n  r e s i d u a l  s t r e s s e s  o b t a i n e d  b y  q u e n c h i n g .  
T h e y  w o r k e d  o n  1 i n  d i a m e t e r  m e d i u m  c a r b o n  a n d  h i g h  n i c k e l  
s t e e l s  i n  r o t a t i n g  b e n d i n g .  W h e n  t e s t i n g  m e d i u m  c a r b o n  
s t e e l  at a s t r e s s  j u s t  b e l o w  th e f a t i g u e  l i m i t  to a l i f e
7
of 1 0 ' c y c l e s ,  t h e y  f o u n d  tl x r e s i d u a l  I c n g x t u d i n a l  c o m ­
p r e s s i v e  s t r e s s  to b e  r e d u c e d  to 87Z« h i g h  n i c k e l
a l l o y s  r e c e i v e d  t e n s i l e  c o m p r e s s i v e  s t r e s s e s  o n  q u e n c h i n g  
w h i c h  w e r e  r e d u c e d  30 - 4 o Z  o n  c y c l i c  s t r e s s i n g  to l i v e s  
o f  1 to 2 ,5 x  10^ c y c l e s ,  at a s t r e s s  e q u a l  to t h e  f a t ­
i g u e  l i m i t .  I n  f u r t h e r  t e s t s  o n  h i g h  c a r b o n  s t e e l s  i n  
th e a n n e a l e d  ( s t r e s s - f r e e )  state, Buliler a n d  B u c h h o l z  
f o u n d  t h a t  c y c l i c  l o a d i n g  f o r  u p  to 10? c y c l e s  i n d u c e d  
r e s i d u a l  c o m p r e s s i v e  s t r e s s e s .  H o w e v e r ,  t h e  m e t a l l u r ­
g i c a l  c o n d i t i o n  is n o t  c o m p a r a b l e  w i t h  t h a t  n o r m a l l y  
u s e d  to p r o v i d e  h i g h  s t r e n g t h  a n d  it is q u i t e  l i k e l y  t h a t  
t h e  l o w  s t r e n g t h  o f  t h e  a n n e a l e d  s t e e l  r e s u l t e d  i n  the 
s p e c i m e n s  b e i n g  s t r e s s e d  b e y o n d  t h e i r  e l a s t i c  li mi t, 
the e n s u i n g  p l a s t i c  d e f o r m a t i o n  b e i n g  r e s p o n s i b l e  f o r  
t h e  r e s i d u a l  s t r e s s ®
CHAPTER 13
EFFECT OF FATIGUE STRESSING ON DISTRIBUTION OF
( 1 2 5 )
Wei'Sbel' D/ carried, ou t f a t i g u e  t e s t s  o n  b o t h  
u n p e e n e d  a n d  s h o t  p e e n e d  m e d i u m  c a r b o n  spi'ing s t e e l  w i r e  
i n  r o t a t i n g  b e n d i n g .  T h e  d y n a m i c  s t r e s s e s  w e r e  at t h e  
l e v e l  of th e f a t i g u e  l i m i t  a n d  c o n t i n u e d  f o r  1 CD c y c l e s *  
T h e  u n p e e n e d  w i r e  w a s  s h o w n  to r e t a i n  a l o n g i t u d i n a l  
t e n s i l e  s t r e s s  o f  73 000 l b f / i n 2 w h i l e  t h e  sh ot p e e n e d  
w i r e  l o s t  a l l  its r e s i d u a l  c o m p r e s s i v e  s t r e s s *  H o w e v e r ,  
W e i b e l  c o u l d  o n l y  c l a i m  a n  a c c u r a c j r of + 50/  f o r  h i s  
t e c h n i q u e  o f  s t r e s s  a n a l y s i s .
M o o r e v D O / e x p e r i m e n t e d  w i t h  f l a t  s p e c i m e n s  of 
s h o t  p e e n e d  s t r u c t u r a l  s t e e l  i n  r e v e r s e  b e n d i n g .  H e  
f o u n d  t h a t  as t h e  a p p l i e d  s t r e s s  i n c r e a s e d  f r o m  
+ 15 000 l b f / i n 2 to + 50 000 l b f / i n 2 at c y c l e s  f r o m  10^ 
d o w n  to u n i t y ,  so th e l o s s  of r e s i d u a l  s t r e s s  i n c r e a s e d  
f r o m  6 to 7 6/® H o w e v e r ,  i n  the l a t t e r  i n s t a n c e  p l a s t i c  
s t r a i n  w a s  t a k i n g  p l a c e .  H e  a l s o  c a r r i e d  o u t  t e s t s  o n  
ca s e  e a r b u r i s e d  h a r d e n e d  a n d  t e m p e r e d  f l a t  s p e c i m e n s  
p e e n e d  o n  o n e  s i d e  on ly * I n  th i s  i n s t a n c e ,  h e  f o u n d  no 
r e l i e f  o f  r e s i d u a l  c o m p r e s s i v e  s t r e s s  e v e n  w h e n  f a t i g u e  
t e s t i n g  at s t r e s s e s  of u p  to + 93 000 l b f / i n 2 a n d  l i v e s  
of u p  to 2 x  10° c y c l e s .
M a t t s o n  a n d  C o l e m a n (67) i n v e s t i g a t e d  the e f f e c t  
o f  c y c l i c  s t r e s s i n g  o n  the r e s i d u a l  s t r e s s  i n  s h o t  
p e e n e d  s p r i n g  s t e e l s .  T h e y  f o u n d  t h a t  t h e  c y c l i c  s t r e s s ­
i n g  l o w e r e d  t h e  m a x i m u m  r e s i d u a l  c o m p r e s s i v e  s t r e s s  f r o m
( 12 6 )
1 8 7  0 0 0  l b f / i n 2 to 165 0 0 0  l b f / i n 2 . I n  this case, the 
t e a t  s t r e s s  w a s  24 0 0 0 0  l b f / i n 2 , b u t  as the U . T . S .  of 
th e m a t e r i a l  w a s  2 4 6  500 l b f / i n 2 , c o n s i d e r a b l e  p l a s t i c  
d e f o r m a t i o n  m u s t  h a v e  t a k e n  p l a c e  a n d  t h i s  c o u l d  w e l l  
a c c o u n t  f o r  a n y  r e d i s t r i b u t i o n  of r e s i d u a l  s t r e s s  w i t h o u t  
a n y  c y c l i c a l  ( f a t i g u e )  s t r e s s i n g  t a k i n g  p l a c e ®
P a t t i n s o n ^ ^ ^  w o r k e d  w i t h  s q u a r e  s e c t i o n  s p e c i ­
m e n s  w h i c h  w e r e  t e s t e d  i n  p l a n e  b e n d i n g  ( m i l d  st e e l )  a n d  
r o t a t i n g  b e n d i n g  ( a l u m i n i u m  alio?/) a n d  w h i c h  r e c e i v e d  
t h e i r  r e s i d u a l  s t r e s s  b y  p l a s t i c  bending., s t r e s s  r e l i e v ­
i n g  a n d  s u b s e q u e n t  p l a s t i c  d e f o r m a t i o n  to s t r a i g h t e n .  
S u r f a c e  r e s i d u a l  s t r e s s  w a s  m e a s u r e d  b y  m e a n s  of s t r a i n  
g a u g e s  a t t a c h e d  to the s p e c i m e n s  p r i o r  to s t r a i g h t e n i n g .
H e  f o u n d  t h a t  the r e s i d u a l  s t r e s s  so i n d u c e d  i n  m i l d  
s t e e l  a n d  a l u m i n i u m  a l l o y  r e d u c e d  t h e  b e n d i n g  f a t i g u e  
li mi t, b u t  t h i s  is n o t  s u r p r i s i n g  s i n c e  th e m e t h o d  o f  
i n d u c i n g  the r e s i d u a l  s t r e s s  m u s t  h a v e  r e s u l t e d  i n  a 
l o n g i t u d i n a l  t e n s i l e  c o m p o n e n t  o n  o n e  s i d e  of t h e  s p e c i ­
men, H e  f o u n d  c o n s i d e r a b l e  rela.xatd.on o f  s t r e s s  i n  m i l d
ry
s t e e l  w i t h  c y c l i c  l o a d i n g  u p  to 1Cm c y c l e s #  X n  the 
a l u m i n i u m  allo y, h o w e v e r ,  t h e r e  w a s  n o  r e l a x a t i o n  f o r  
c y c l e s  u p  to 10? b u t  it d i d  c o m m e n c e  at l i v e s  i n  e x c e s s  
o f  2 x 10? oyc3.es® H o w e v e r ,  as n o n - f e r r o u s  m a t e r i a l s  do 
n o t  h a v e  a f a t i g u e  l i m i t ,  o n e  w o u l d  e x p e c t  s o m e  r e l a x a ­
t i o n  of r e s i d u a l  s t r e s s  to set i n  as s o o n  as f a t i g u e  
d a m a g e  w a s  s t a r t i n g  to o c c u r  at v e r y  l o n g  l i v e s  of t e s t i n g ®
(127)
t
T h e  s t r e s s  r e l a x a t i o n  w h i c h  o c c u r r e d  i n  t h e  m i l d  
s t e e l  w a s  a t t r i b u t e d  to the p r e s e n c e  o f  the h y s t e r e s i s  
l o o p  d u r i n g  the c y c l i c  s t r e s s i n g .  I f  t h i s  is the sole 
c ause, t h e n  on e w o u l d  n o t  e x p e c t  to m e e t  s t r e s s  r e l a x a t i o n  
d u e  to c y c l i c a l  s t r e s s i n g  i n  th e  e l a s t i c  r a n g e  of h a r d e n e d  
a n d  t e m p e r e d  s p r i n g  s t e e l  w h e r e  the h y s t e r e s i s  l o o p  is 
a b s e n t •
H e m p e l ^ ^ > 7 0 )  c l a i m e d  t h a t  r e s i d u a l  s t r e s s e s  
w o u l d  b e  l o w e r e d  b y  l o n g  t e r m  c y c l i c a l  s t r e s s i n g  at r o o m  
t e m p e r a t u r e ,  b u t  D o l a n ^ ? ^ )  a r g u e d  t h a t  w h e t h e r  or n o t  
r e s i d u a l  s t r e s s e s  w e r e  r e l i e v e d  b y  f a t i g u e  s t r e s s i n g  
d e p e n d e d  o n  th e h a r d n e s s  ( a n d  t h e r e f o r e  the t e n s i l e  s t r e n g t h )  
o f  t h e  s t ee l,  a n d  t h a t  as the t e n s i l e  s t r e n g t h  i n c r e a s e d ,  
a g r e a t e r  m a r g i n  of d i f f e r e n c e  b e t w e e n  the y i e l d  a n d  
e n d u r a n c e  l i m i t  w a s  l e f t  f o r  the d e v e l o p m e n t  of r e s i d u a l  
s t r e s s e s  o f  a s t a b l e  c h a r a c t e r ,  B a l d w i n  et a l i a ( ? ^ )  c o n ­
c l u d e d  t h a t  at s t r e s s e s  a b o v e  the f a t i g u e  l i m i t ,  th e l i f e  
w a s  g o v e r n e d  b y  th e c y c l i c a l  p l a s t i c  s t r a i n  i m p o s e d  f o r  
l i v e s  u p  to 10^ c y c l e s #  D o l a n  f e l t  th a t  b e c a u s e  o f  
s u p e r i m p o s e d  p l a s t i c  s t r a i n s  a m a j o r  r e a d j u s t m e n t  o f  
r e s i d u a l  s t r e s s  m u s t  t a k e  p l a c e  so t h a t  at s t r e s s  l e v e l s  
h i g h  e n o u g h  to c a u s e  f a t i g u e  f a i l u r e  w i t h i n  5 x  10^ 
c y cl es , it w a s  d o u b t f u l  w h e t h e r  the i n i t i a l  r e s i d u a l  
s t r e s s  w o u l d  h a v e  a.ny i n f l u e n c e  o n  l i f e  to f a i l u r e #
L e s s e l l s  a n d  B r o d r i  o k ( 7 3 ) ,  w o r k i n g  o n  a l l o y  
s t e e l s ,  s h o w e d  a r e l a t i o n s h i p  b e t w e e n  t h e  r a t i o  m a x i m u m  
c o m p r e s s i v e  s t r e s s / e l a s t i c  l i m i t  a n d  the U . T . S .  b u t  
l a t e r  A r n o l d ( 7 4 )  w a s  u n a b l e  to e s t a b l i s h  a s i m i l a r  
r e l a t i o n s h i p  f o r  a l u m i n i u m .
1 3 . 2  E x p e r i m e n t a l  p r o c e d u r e
I t  w a s  d e c i d e d  to u s e  a s h o t  p e e n e d  b a r  w h i c h  
h a d  b e e n  s i m i l a r l y  p r o c e s s e d  a n d  s h o t  p e e n e d  a? b a r  S1 
i n  S e c t i o n  7 to s u b m i t  t h i s  to l o n g  l i f e  c y c l i c a l
l o a d i n g ,  a f t e r  w h i c h  a s t r e s s  a n a l y s i s  w o u l d  b e  c a r r i e d  
ou t a n d  a c o m p a r i s o n  m a d e  w i t h  the s t r e s s  d i s t r i b u t i o n  
i n  b a r  S 1 .
A  t o r s i o n a l  f a t i g u e  s p e c i m e n  a p p r o x i m a t e l y  18 i n  
l o n g  w a s  t h e r e f o r e  m a c h i n e d  f r o m  the s t o c k  o f  E n  45 stee l, 
h a v i n g  s h o u l d e r e d  ends, s u i t a b l e  f o r  f i t t i n g  i n t o  th e 
S c h e n c k  f a t i g u e  t e s t i n g  m a c h i n e *  T h e  s p e c i m e n  w a s  oi l 
h a r d e n e d  a n d  t e m p e r e d  to a h a r d n e s s  of 5'iO H V  30 a n d  
t h e n  g r o u n d ,  p o l i s h e d  a n d  s h o t  p e e n e d  i n  a n  i d e n t i c a l  
m a n n e r  to the s p e c i m e n s  u t i l i s e d  to p r o v i d e  t h e  shot 
p e e n e d  f a t i g u e  c u r v e  i n  F i g. 38. T h e  p a r a l l e l  p o r t i o n  o f  
th e  s p e c i m e n  w a s  a b o u t  12 i n  l o n g  so t h a t  a f t e r  f a t i g u e  
s t r e s s i n g  t h i s  s e c t i o n  c o u l d  b e  cut out, t h u s  p r o v i d i n g  
a c y l i n d r i c a l  b a r  ( i d e n t i f i e d  as S2) o f  c o m p a r a b l e  p r o ­
p o r t i o n s  to b a r  S 1 . O w i n g  to the l i m i t a t i o n  o f  m a x i m u m
(1 28)
(12 9)
t o r s i o n a l  d e f l e c t i o n  it w a s  p o s s i b l e  to a p p l y  w i t h  the 
f a t i g u e  t e s t i n g  m a c h i n e ,  th e m a x i m u m  s t r e s s  it w a s  p o s ­
s i b l e  to i n d u c e  i n  t h e  18 i n  l o n g  s p e c i m e n  w a s  85 000 
l b f / i n ^  a n d  it w a s  se t u p  i n  th e m a c h i n e  to t h is c o n d i t i o n .  
F a t i g u e  t e s t i n g  w a s  c o n t i n u e d  u n t i l  1, 2 x  10^ c y c l e s  h a d  
b e e n  a c h i e v e d ,  a f t e r  w h i c h  t i m e  the s p e c i m e n  w a s  r e m o v e d ,  
th e s h o u l d e r e d  e n d s  s a w n  o f f  a n d  t h e  e n d  f a c e s  of th e  
m i d d l e  c y l i n d r i c a l  p o r t i o n  m a c h i n e d  a n d  g r o u n d  p e r p e n ­
d i c u l a r  to the l o n g i t u d i n a l  a x i s  to p r o v i d e  a r i g h t  
c i r c u l a r  c y l i n d e r  ( b a r  S2) 1 2 . 1 6  i n  long.
T h i s  b a r  w a s  t h e n  s u b m i t t e d  to the l a y e r  r e m o v a l  
t e c h n i q u e  d e s c r i b e d  i n  S e c t i o n  7 * 2  a n d  the c h a n g e s  i n  b a r  
l e n g t h  w i t h  d e p t h  r e m o v e d  w e r e  r e c o r d e d .  T h e  d i s t r i b u t i o n  
of a x i a l  r e s i d u a l  s t r e s s  w a s  c o m p u t e d  f r o m  the d a t a  ob- 
t a i n e d  u s i n g  the m e t h o d  d e s c r i b e d  in S e c t i o n  4.
It w a s  f e l t  d e s i r a b l e  to s t u d y  th e  e f f e c t  o f  
h i g h e r  l e v e l s  of f a t i g u e  s t r e s s i n g  o n  th e d i s t r i b u t i o n  of 
r e s i d u a l  s t r e s s  e v e n  t h o u g h ,  i n  o r d e r  to a c h i e v e  this, 
s h o r t e r  f a t i g u e  s p e c i m e n s  w o u l d  h a v e  to b e  u s e d ,  w h i c h  
w o u l d  r e s u l t  i n  s h o r t e r  c y l i n d r i c a l  s p e c i m e n s  f o r  t h e  
s t r e s s  a n a l y s i s  a n d  s o m e  c o n s e q u e n t i a l  l o s s  of a c c u r a c y .
S i m i l a r  f a t i g u e  s p e c i m e n s  w e r e  t h e r e f o r e  p r e ­
p a r e d  as f o r  b a r  S2, e x c e p t  t h a t  i n  t h i s  i n s t a n c e  t h e y  
w e r e  l i m i t e d  to 1 0  i n  l o n g  i n s t e a d  o f  1 8  in* A l l  th e
( 1 3 0 )
f a b r i c a t i o n ,  h e a t  t r e a t m e n t  a n d  s u r f a c e  f i n i s h  w a s  
i d e n t i c a l  as b e f o r e ,  T h e  s p e c i m e n s  were p l a c e d  i n  t u r n  
i n  the f a t i g u e  m a c h i n e  and s t r e s s e d  at l e v e l s  of 
1 0 0  0 0 0  l b f / i n 2 ( b a r  S3) a n d  123 0 0 0  l b f / i n 2 ( b a r  S4) 
r e s p e c t i v e l y ;  a c o n t r o l  s p e c i m e n  ( b a r  S 5) w a s  n o t  
f a t i g u e  t e s t e d  at all. T h e  f a t i g u e  s t r e s s i n g  o f  t h e  
tw o s p e c i m e n s  w a s  c o n t i n u e d  u n t i l  a l i f e  of 10^ c y c l e s  
w a s  r e a c h e d ,  a f t e r  w h i c h  p e r i o d  of t i m e  t h e y  w e r e  
r e m o v e d  f r o m  t h e  m a c h i n e *  S o m e  s l i g h t  s e t t i n g  d o w n  of 
b a r  S 4  w a s  e x p e r i e n c e d  d u r i n g  the f i r s t  f e w  c y c l e s  o f  
f a t i g u e  s t r e s s i n g  a n d  t h e  m a c h i n e  w a s  r e s e t  to r e s t o r e  
the a p p l i e d  s t r e s s  to 123 000 l b f / i n ^ .  T h e  s h o u l d e r e d  
en ds of a l l  t h r e e  s p e c i m e n s  w e r e  r e m o v e d  b y  s a w i n g  a n d  
the e n d  f a c e s  of the c y l i n d r i c a l  c e n t r e  p o r t i o n s  
m a c h i n e d  a n d  g r o u n d  i n  the s a m e  m a n n e r  as b e f o r e ,  b u t  
t h i s  t i m e  p r o v i d i n g  a n  o v e r a l l  l e n g t h  of 5 * 1 5  in. T h e y  
w e r e  t h e n  s u b m i t t e d  to t h e  l a y e r  r e m o v a l  t e c h n i q u e  a n d  
th e d i s t r i b u t i o n  of . r e s i d u a l  s t r e s s  calculated.,
13* 3 Results and discussion
The distribution of axial residual stress 
in bar S2 after shot peening and fatigue loading at a 
stress of 85 000 lbf/in*2 for 1 .2 x 10^ cycles is shown 
in Fig. 44* The distribution of axial residual stress 
in bar SI which had not been fatigue stressed but which 
had been shot peened in a similar manner is also shown.

(132)
Xt may be seen that the two distributions are 
basically similar; of particular importance is the 
fact that both distributions have nearly identical 
values at the surface, which is the area of maximum 
applied stress during fatigue loading. Bar S1 had an 
axial component of residual stress at the surface of 
-164 700 lbf/in^, while for bar S2 it was -154 000 
lbf/in^, The difference between these two values is 
not great so that it may be concluded that the cyclical 
loading under the conditions employed did not therefore 
lead to any relief of residual stress,
It is doubtful whether the slight numerical 
difference in the two'distributions in the plastic 
zone below the surface could be attributed to fatigue 
stressing, since the subcutaneous values of the applied 
stress are smaller and therefore less likely to cause 
a relief or redistribution of stress, Xt is more likely 
to be due to experimental variation (the two bars were 
prepared and treated at different times) and to the 
sensitivity of the analytical technique to small varia­
tions in dAl/dAr. This particular aspect will be con­
sidered in more detail later.
(133)
It is of interest to note that for ‘bar 3 2 a 
slight peak of positive stress occurs at the elastic/ 
plastic boundary as has sometimes been reported by
itother workers, and in particular Foppl* In this region, 
however, the calculation of becomes extremely sensi­
tive to small errors in dAl/dAr since the latter is not 
only near to zero but is changing its sign either side 
of zero®
The distribution of residual stress in the 
shorter bars (S3? S4, S3) was likewise calculated and 
the axial components of residual stress a'ce shown in 
Fig* 4-5. It may be seen that the specimen (S3) which 
had been fatigue stressed at 100 000 .lbf/in^ had a 
similar distribution of axial residual stress to bar S5 
which had not been fatigue stx,essed at all. This 
indicated that under the conditions of external applied 
stress in operation no relief or redistribution of 
axial residual stress occurred, although the torsional 
applied stress was reasonably high and the life con­
siderable. When, however, the applied stress was in­
creased to 1 2 3  000 lbf/in2 as in bar S 4 ,  the reduction 
in axial residual stress near the surface w^ .s consider­
able, the surface value falling to 18 per cent of 
the unfatigued condition (S5), but the sub-surface

(135)
values rising to reach a peak at 0 . 0 0 3 in below the 
surface before falling off to zero at the usual depth 
of about 0.015 in below the surface. It would appear 
at a first glance that the additional elastic stress of 
23 000 Ibf/in2 over bar S3 had been sufficient to make 
fatigue loading significant as a manner of reducing 
residual stress. However, Fig. 46 shows the torsional 
stress-strain curve for this material and it may be 
seen that during the fatigue loading of bar S4, the 
elastic limit of 114 000 lbf/in2 had been exceeded and 
this accounted for the setting down that had been ex­
perienced during the first few cycles of fatigue stress­
ing. The lowering of residual stress has not, therefore, 
been due to cyclical elastic strain, but to plastic 
strain which would cause permanent deformation of the 
material. In practice, however, components are not 
designed, to withstand such conditions of service and 
fatigue failure due to such a cause in a properly de­
signed component is not likely to occur.
In the design and manufacture of helical springs 
and torsion bars, provision is made for presetting the 
component. This consists of stressing it as a manufac­
turing operation in the direction of normal loading, 
until the elastic limit of1 the material is exceeded.
( »3  6 ).
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When the load is removed, the elastic core attempts to 
return to its original position, but is prevented from 
doing so by the plastically deformed outer layer. An 
equilibrium position is therefore obtained where the 
outer layer is in a state of reversed stress due to the 
action of the elastic core. On subsequent reloading 
the surface stress has to pass from its reversed value 
through zero to a positive value and the component can 
therefore withstand higher operational loads than 
before without the surface stress becoming sufficiently 
high to cause failure.
In the case of bar S4, this process of pre­
stressing will have taken place to a certain degree and 
it may be seen from Pig. 45 that this has a detrimental 
effect on the axial component of residual stress. 
Whether or not the overall combined effect of shot 
peening and prestressing is less beneficial than shot 
peening alone will require a separate analysis of the 
combined stress distribution set up by these two pro­
cesses according to the order in which they are carried 
cut. Apart from the theoretical work of N a d a i ( ? 5 )  the 
mathematical analysis of stress distribution in a pre­
stressed torsion bar is not yet available, but is at 
present being worked out by Whiteside^*^^ . When his
(138)
results are available, it will be possible for subse­
quent research workers to combine his information with 
that now presented on shot peening to enable the stress 
distribution in prestressed and shot peened helical 
springs and torsion bars to be determined, and the con­
ditions for optimum performance to be laid down.
(139)
The net effect of shot peening on a polished 
metallurgically sound surface is to increase the fatigue 
strength? but the influence of the indentations in the 
surface caused by the ]peening operation needs to be 
examined, since, although the indentations ar*e spheri­
cal and shallow, they will act as stress raisers* A 
Talysurf measurement of the surface of a typical fatigue 
specimen which has received the standard peening treat­
ment used in the present research is shown in Fig. 4-7? 
together with a similar measurement made on a ground and 
polished specimen. The centre line average value in the 
first instance is 90 micro inches against a value in the 
second case of 3 micro inches, i*e* a factor of 30 times 
more rough.
Taira and Murakami^??) assumed that the effect 
of these stress raisers would be the same whethe.t' or not 
the residual compressive stresses were also present, and 
on this basis developed a theoretical S-N curve for a 
low carbon steel in plane bending which involved solely 
the contribution of residual stress.
CHAPTER I k
EFFECT OF PEENING INDENTATIONS OH FATIGUE STRENGTH
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FIG. 47 TALYSURF MEASUREMENTS. V E R T ' c A L  X \Q O O
(UPPER TRACE) SHOT PEENED SURFACE 
CLA 90 MICRO INCHES
(LOWER TRACE) GROUND AND POLISHED 
SURFACE CLA 3 MICRO INCHES
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Brookman and Kiddle^) reported that shot peen­
ing reduced notch sensitivity® While Harrises) also 
stated that the shallow peening indentations would have 
a small adverse effect on fatigue strength due to geo­
metric stress concentration, although he pointed out that 
this would be minimised if the indentations overlapped. 
RcR® M g ore ( 7 9 ) found that a stress raiser due to a notch 
was lowered by the presence of another notch close by.
This was confirmed by Horger and Buckwalter(^0) using a 
photoelastic technique for the analysis of stresses at 
the base of multiple notches.
An investigation by Coombs^^), Pope^-^), and 
Coombs, Sherratt and Pope(^2)> reported that removal of 
layers by machining from the surface of shot peened steel 
increased the fatigue life® They reported maximum 
strength to occur when 0 , 0 0 6 in to 0 , 0 0 7 in had been 
removed. Pope(54?82) expressed surprise at this result, 
but offered the explanation that with a peened surface 
the maximum compressive stress was below the surface, so 
that if a specimen was machined such that the plane of 
maximum compressive stress was brought to the surface, the 
fatigue strength would be improved accordingly® Brookman 
and Kiddle^), on the other hand, reported that a light 
honing treatment after shot peening would "only slightly
( 1 42)
reduce the improved fatigue properties"* Harries and 
Smith (83) f when working on aluminium alloys, found that 
the removal of surface layers from peened material 
increased fatigue life, which they felt indicated a 
damaged surface. This confirmed the conclusions of 
Thompson et al However, with aluminium there is
a large hardness differential between it and the shot, 
so that an extraordinarily large amount of cold working 
of the surface of the aluminium may easily be achieved, 
and under these conditions the surface may crack and 
break up.
No theoretical support is put forward for Pope’s 
claim that the maximum residual stress occurred below 
the surface and this was not substantiated by Foppl(2^) 
nor found to be the case in the current research (Figs.
25 and 44). Watkinson^^ suggested that Pope and his 
co-workers had been misled by working at a single stress 
level while at the same time experiencing a liigh degree 
of experimental scatter. Lessells and Brov^ .clc( 73 ) , when 
working on flat alloy strip in plane bending, did find 
sometimes, but not always, a very slight increase in 
residual stress just below the surface, but a close 
scrutiny of their analytical technique and tabulated 
results makes it doubtful whether, in fact, there is any 
justification for the small increase reported®
(143)
A detailed investigation, both by stress 
analysis and fatigue testing, into the claim of Pope has 
been carried out.
Talysurf measurements on the peened surfaces 
produced in the present research have shown the maximum 
depth of an indentation to be 0.0008 in. No published 
data are available for the computation of the stress 
concentration factor for a single spherical indentation 
on a cylindrical surface stressed in torsion, nor for 
the composite effect of large numbers of such indenta­
tions in close juxtaposition. Grover(®7) et alia stated 
that, in the general case, stress raisers of similar 
size and shape close together are less effective than 
a single one, since the former tend, to a certain extent, 
to stress relieve each other. Although a theoretical 
stress concentration factor (K-fc) is not available for 
a cylindrical surface which has been shot peened, Grover 
has shown that is approximately equal to the fatigue 
notch factor (Kf) for values of Kf below 2.0. The 
latter can be determined by experiment and equated to 
K^ ., provided the upper limiting factor laid down by 
Grover is not exceeded. The manner of carrying this 
out is described below.
0  44)
Three torsional fatigue specimens which had 
been machined, heat treated, polished and peened as part 
of the batch hardened to 465 HV and fatigue tested 
(Fig, 37) were heat treated for J hour at 450°C in a 
protective atmosphere. Subsequent hardness tests showed 
that the core hardness had not been lowered by this 
further tempering treatment while the hardness along 
a diameter was now uniform* This, together with the 
earlier experimental results obtained on the effect of 
heat treatment after peening on fatigue strength (Fig. 
10) indicated that the residual stress due to shot 
peening had been completely relieved. Thus, the speci­
mens were identical in all respects to those which 
provided the S-N curve for polished specimens in Fig®
35, with the exception of the presence of a rough sur­
face produced by the peening operation.
The three specimens were fatigue tested to 
failure at a stress of 112 000 lbf/in^® The results are 
given in Fig* 48, together with those reproduced from 
Fig. 35 for polished specimens. The mean life value 
for the three specimens was 9 x 10^ cycles. It may be
4seen that a life of 9 x 10 cycles would be achieved on 
polished specimens when stressed at 1 3 8 000 lbf/in^.
Ma
xi
mu
m 
to
rs
io
na
l 
st
re
ss
 
{t
on
f/
in
^)
(146)
Now the fatigue notch factor Kj> is defined as:
Fatigue strength of unnotched specimens at N cycles 
Fatigue strength of notched specimens at N cycles
so that in the present case,
Kf  = 1 2 £  _ 1 ,2 3
1 1 2
and applying Grover's criterion that
K.<_ sjSr when < 2.0
then is also approximately equal to 1 .2 3 ,
If this factor is applied to the curve for 
maximum tensile stress obtained by combining the residual 
stresses with an external applied stress (for example) 
of 135 000 lbf/in2, as shown in Fig, 2?> the stress at 
the surface will be raised. The theoretical distribution 
of stress and the effect on this of the stress raisers 
is shown in Fig, 4-9® Since the stress raisers are 
shallow and have a radius of curvature of about 0 , 0 1 5  in 
their effective depth will not be more than three times 
their own depth according to G r o v e r ^ ^  , and this zone 
is denoted by the dark area in the figure.
It may be seen that the effect of the stress 
raisers at the surface is small, raising the stress from 
28 000 lbf/in2 to 34 400 lbf/in2 tensile and in no way 
influencing commencement of failure in fatigue, since

(1 48)
the maximum tensile stress where failure originates is 
0 * 0 1 5 in below the surface, has a value of 138 000 
lbf/in^ and is well clear of the zone of influence of 
the stress raisers.
Thus, the computed distribution of residual 
stress, even when taking account of the stress raisers 
in the form of the shot peening indentations, contra­
dicts the idea put forward by Pope and his co-workers *
It was further tested experimentally in the manner 
described below.
A batch of torsional fatigue specimens which 
were machined, heat treated and peened at the same time 
and under the same conditions as those used to obtain 
the fatigue curve in Fig. 38 were polished with car­
borundum paper of grit size No® 158 until all the peen­
ing marks were removed. The scratches arising from 
this polishing were themselves removed by polishing 
with successively finer papers in the following sequence 
Grit size No. Time (min.)
18 0  2 8
228  1 5
268 1 5
328 1 5
400 10
500 5
( 1 49)
The depth of the layer removed by polishing, as 
measured by a micrometer, was 0 . 0 0 2 5 in and as calculated 
from the difference of weighing before and after polish­
ing, 0.00246 in.
These peened and subsequently polished specimens 
were then fatigue tested at six of the levels of stress 
which had been used earlier to test peened specimens 
having a core hardness of 51 8 HV. The results are shown 
in Fig. 58 for both surface conditions. Xt may be seen 
that the amount of inherent scatter is extremel}' small
tfor fatigue data and that the two sets of results fall 
close together; in fact, at three of the stress levels 
the experimental results coincide. The same mean line 
has therefore been drawn to represent both families.
A typical fracture is reproduced in Fig, 51> 
where the sub surface origin of failure can be clearly 
seen. Measurements made ora the position of the origin 
showed its centre to be approximately 0 . 0 1 5  i-U below the 
surface. This was the depth below the surface of the 
origin of failure in the case of the peened but un­
polished specimens, one of the fractures of which is 
shown in Fig. 41 .
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FIG. 51 FATIGUE FRACTURE OF SHOT PEENED
AND SUBSEQUENTLY POLISHED SPECIMEN 
SHOWING SUB SURFACE ORIGIN
These results confirm the theoretical derivation 
from the computed distribution of residual stress that 
the indentations caused by peening have no deleterious 
effect on fatigue strength. The reason is that the point 
of maximum tensile stress is well below the surface 
(0.015 and therefore we3.1 clear of the zone of influ­
ence of the stress raisers.
This is an important finding, for it is in con­
tradiction with part of the work of Taira and Murakami (77)
who developed theoretical, equations for S-N curves of 
peened material on the assumption that the effect of the 
stress raisers on fatigue was the same whether or not 
the residual compressive stress was present. Xt also 
disproves the statement of Harris(7&), The findings of 
Pope have not been substantiated and his interpretation 
must have been due to the unsupported assumption that 
the point of maximum compressive stress lay 0.006 in 
below the surface, Xn fact, the point of maximum com­
pressive stress lies in the surface as near as can be 
determined within the experimental error.
(152)
(153)
CHAPTER 15
THE INDIVIDUAL CONTRIBUTIONS TO INCREASED
FATIGUE LIFE OF RES1DUAL STRESS AND 
INCREASED HARDNESS DUE TO COLD WORK 
WHEN PEEKING
Early research on the reasons for the benefi­
cial effect of shot peening on fatigue strength gave 
rise to two conflicting schools of thought® One^^"^
that was set up in the mateTial® It is not possible to 
measure separately the effect of these aspects on fa.tigue 
since, if present, they would be interdependent when 
produced by the peening process. However, the philosophy 
has been adopted that any effect on fatigue due to a 
hardness increase caused by cold work would be the same 
as the hardness difference caused by lightly tempering 
back one of two specimens which are otherwise identical 
in composition and metallurgical structure, so that these 
two specimens have the same hardness as would be present 
before and after the cold working. It is argued that 
this approach is permissible if the additional tempering 
is very light and the hardness changes so brought about 
are sma3.1 and no structural change is taking place in 
the material.
claimed that the effect was the result of increase in
hardness due to cold work, while the other',,(49) (50) (73)
(154)
The effect of shot peening is shown in Fig. 29 
to increase the surface hardness from 518 HV to 548 HV 
and the effect of such a difference in hardness level on 
fatigue limit is shown in Fig. 36 to be negligibJ.e« There 
was, however, a slight improvement in fatigue life at 
applied stresses above the fatigue limit.
The overall effect of shot peening, i.ea the 
combined effect of residual stress and increase in hard­
ness due to cold work for the same structure and initial 
hardness level may be seen by comparing the txvo curves in 
Fig. 3 8 . Here it is shown that the effect of shot peening 
is to increase the fatigue limit from 1 07 800 lbf/in^ to 
123 000 lbf/in^. (in this instance, the expression “fat­
igue limit” is used to denote strength at 3 x 10^ cycles, 
since no actual fatigue limit was established in the shot 
peened condition). The effect is therefore considerable, 
while that due to hardness alone is zero® In this case, 
therefore, the whole of the elevation of 1 6 000 lbf/in^ 
in fatigue limit is probably due to the beneficial residual 
stress,
A further comparison of the effect of hardness and 
of residual stress plus hardness may be obtained by com­
paring the lower curve in Fig. 37 with the lower curve in 
Fig. 38 and then with the upper curve in Fig. 38 for a life
('< 5 5)
o.t' 3 x 1 0 ^  cycles® The effect of increase in hardness 
alone is 9000 lbf/in2 while that of residual stress and 
hardness combined is 27 000 lbf/in2, so that the contri- 
button of residual stress alone is 18 000 lbf/in , or 
twice that due to hardness® Xt is of interest to note 
that this value of 18 000 lbf/in2 is similar to that of 
16 000 lbf/in^ derived separately above,
From these results, one may conclude that the 
improvement in fatigue strength due to shot peening is 
mainly the result of inducing a favourable residual 
stress in the surface and that there may be a smaller 
contribution due to increase in hardness by cold work, 
but whether this occurs will depend on the initial hard­
ness of the material*
(1 56)
CHAPTER 16 
GENERAL DISCUSSION AND SUMMARY_
1 6 . 1 Theory: Computation of residual stress
The use of a computer fo?:- fitting a curve to 
the experimental points has been a step forward, in 
that more accurate values of the tangent at any point 
have been available by differentiation* This has 
reduced a source of previous error,
A limitation of accuracy when curve fitting 
with a polynomial is the fact that the expression ob­
tained is the best sine wave through the experimental 
points. When dy/dx is zero, therefore, or changing 
sign either side of zero, the differential of the 
equation will tend tc give a cosine wave expression 
about the zero value.
An example of this may toe seen in Fig. 3> 
where a negative value of dy/dx is shown for a value 
of x between 1 5 and 2 0, whereas reference to the origi­
nal curve y ~ f(x) in Fig. 1 makes it clear that dy/dx 
is zero in this region® By virtue of this feature, 
dy/dx has been taken as zero in all calculations where 
it is known that the tangent to y = f(x) is horizontal.
(1 57)
In the elastic core, the functions
and G+.r  = f(r)
have been plotted and the value of stress adjusted so 
that
which are two requirements chat must be met since the 
bar is in equilibrium with the tensile stresses in the 
core balancing the compressive stresses at the surface.
there is a slight but real change in the sign of the 
elastic strain at the elastic/plastic interface, the 
indications are that this phenomenon is much accentu­
ated when computing the stress distribution® Too much 
significance should not, therefore, be attached to 
the appearance of stress peaks in this area. Likewise, 
the strain distribution at the surface sometimes 
manifests a point of inflexion which in turn renders 
equations (l) and (2 ) extremely sensitive to slight 
variations in the values of the slope of the tangent
0
and
o
0
While curves such as Fig* 1 demonstrate that
(158)
at that point, Xt is this feature which is the origin 
of* the small stress peak which is sometimes, but not 
always, apparent just below the surface.
The development of the theory to enable the 
distribution of the radial comjxonent of residxial 
stress to be evaluated has shown that the contribution 
to the value of the principal stress from this source 
is extremely small and may therefore be ignored, thus 
permitting the system to be treated as a bi-axial state 
of stress.
1 6 , 2  Effect of heat treatment after peening on 
£at i gue 1 1 fe
Since the fatigue failure of a metal appears to 
be initiated by slip^^) , factors which inhibit slip 
may be expected to increase fatigue life. Reports in 
the literature on the effect of coaxing on fatigue 
strength show that this process will increase the fatigue 
life of many ferrous materials(89“94) the mechanism
by which this is achieved has sometimes been attributed 
to strain age hardening(95) ; altTaough there is some 
controversy on the subject ( 9 6 ) . The effect of low tem­
perature heat treatment after peening on fatigue (Fig.
1 0 ) shows a marked elevation in fatigue life when the 
peening is followed by a low temperature heat treatment
(159)
at about 220°C for 30 minutes and although peening 
is a more rigorous straining process than coaxing, 
it is carried out for a much shorter time, so that the 
effect in aggregate may be similar.
S i n c l a i r ( 9 5 )  attributed such an elevation of 
fatigue strength on subsequent heat treatment to 
strain-age strengthening of the matrix, whereas Almen\96) 
argued that the redistribution (and possibly relief by 
local yielding) of highly localised microresidual 
stresses is taking place. The only apparent method of 
resolving the controversy would be by examination of 
the matrix under the electron microscope before and 
after the treatment, but it has already been demonstra­
t e d ^ ^  that with this particular steel the structure 
is too fine and complicated to permit such a detailed 
s tudy.
A factor in support of Almen5s philosophy is 
the fact that the existence of strain-age hardening 
has not been established in a hardened and tempered 
steel.
Xn the present case, the phenomenon, whether 
it be due to strain~age hardening or a redistribution 
of residual stress, resulted in maximum elevation of 
fatigue strength when the specimens had been given a 
low temperature heat treatment of 220°C for 30 minutes.
(1 6o)
16 * 3 Structure after shot peening
Although considerable cold work of the surface 
takes place during shot peening, reference to the 
tempered martensitic structure in T'ig* 19 shows that no 
directionality of the acicular grains occurs and that 
they are randomly orientated at the surface in the same 
manner as they are in the core,
16 * 4 Distribution of residual stress
The various distributions of principal stress 
in shot peened bar SI for a range of notional applied 
stresses have shown that the minimum tensile stress was 
at the surface, while the maximum was at a depth approx­
imately 0*015 in below* Based on this information, 
therefore, one would expect failure to originate 
approximately 0 , 0 1 5  in below the surface and not at it, 
1 6 . 5  Effect o f peening on surface hardness
The shot used in the research had a hardness of 
480 HV while the bar used for the hardness determinations 
in Section 8 had a core hardness of 500 H V . Never,the~ 
less, considerable work hardening of the bar surface 
took place and the total affected depth was 0 . 0 1 5  in.
The increase in hardness at the surface was 30 HV, al­
though the measurements actually made must have been 
affected to a certain degree by the necessity to prepare 
a free surface on which to carry out the hardness 
detexaminations.
There has been considerable controversy in the 
literature on the effect of grinding on fatigue strength. 
Some authors have claimed residual tensile stresses and 
others beneficial compressive stresses* In the latter 
case, this has been attributed to tempering of the outer 
layers during grinding, a conclusion which would indicate 
that considerable heat generation had taken place* The 
present work has shown that if large grinding cuts are 
made with adequate cooling the fatigue strength will be 
lowered and a considerable amoiint of scatter in the ex­
perimental data will be apparent, thus demonstrating the 
presence of local random tensile stresses. If, however, 
very thin layers are ground away each time with adequate 
cooling, then the scatter of the fatigue data is reduced 
considerably and the fatigue strength is not impaired*
16 „7 Effect of hardness on fatigue strength
The effect of the hardness of the steel on the 
fatigue strength was most marked in the range 465-51 0 HV 
and there was very little difference in fatigue perfor­
mance with hardnesses of 5 1 0  HV and 5 4 0  H V . In the case 
of unpeened steels, therefore, when infinite fatigue life 
is required, there is a benefit in increasing the hard­
ness from 465 HV to 510 HV and in the case of limited 
fatigue life applications there is an advantage in in­
creasing the hardness still further to at least 540 H V .
( 1  61
16 , 6  Effect of grinding on fatigue s tx-ength
16„8 Effect of shot peening on fatigue strength
The effect of shot peening on the fatigue streng 
of the steel was to increase it irrespective of steel 
hardness or applied stress, with the exception of Very- 
high stress levels applied to steel of 465 HV. However, 
this steel, having the lowest hardness, would also have 
the lowest elastic limit and it is to be expected that 
more plastic deformation would take place on this steel 
at high applied stresses than in the case of the other 
two hardness levels.
The lift in fatigue strength became less with 
each increase in steel hardness and this may have been 
due to the fact that the shot, with a hardness of 480 HV, 
had less effect on steels with a hardness greater than 
itself, viz. 510 HV and 540 HV, and would be the most 
effective with the steel having a hardness of 465 HV.
An interesting feature not previously reported 
in the literature is that a torsional fatigue limit is 
not attainable for lives of up to 3 x 10^ cycles. Up to 
this interval the fatigue curve is a straight line with 
no knee apparent. This fact holds good irrespective of 
the three hardnesses examined. The fatigue curves for 
these three conditions meet in a single point at a life 
of 3 x 1 O^ cycles and a stress of 123 000 lbf/in2 . Above 
this stress, the harder -the steel the longer the shot 
peened fatigue life.
As a result of continuing the tests to very 
long lives, it became clear that the previously reported 
fatigue limit for 510 HV shot peened silicon manganese
r )steel of 1 40 000 lbf/in*^ was erroneous and that testing 
to longer lives at lower stresses will still produce 
fatigue failures.
The shot peened fatigue strength in pure tor­
sion, of 1 2 3 000 lbf/in2 for a life of 1 0 ? cycles, ob­
tained in this research, compares favourably with the 
value of 9 k  0 0 0 lbf/in2 reported by Gross(9?) as a safe 
maximum working stress for similar conditions.
N.N. Davidenko^tab claimed that a single 
equation can be derived for the S~N curve of shot peened 
steels and that for 0 . 5  iu diameter silicon manganese 
torsion bars, shot peened and of hardness 450-510 HV, 
the representative equation is
log1QN = - 8 1 log T + 2 0 . 5
where N is the life and % the applied stress. However, 
as shown in Fig. 40, two distinctly different curves 
have been obtained for hardnesses of 465 and 510 HV, and 
a check shows that Davidenkov’s equation fits neither of 
these. Unfortunately, Davidenkov did not record a 
precise hardness for experimental specimens, but only a
(163)
(1 64)
range, so that it is not possible to be precise a s  t o  
the source of his error, but it could be due to an 
assumption that the slope of the shot peened curve is 
independent of the hardness* The present research has 
shown that this is not true, and that the slope increases 
with increasing hardness*
16*9 Relationship between the fatigue data and the 
measured residual stresses
The philosophy used in this research is that 
fatigue failure at a given number of cycles under com­
bined stresses will occur whenever the maximum principal 
stress in the combined stresses reaches a value that 
would cause failure in the same number of cycles if the 
principal stress were acting alone* This is known as 
the principal stress theory. Like all present theories 
for predicting fatigue failure under any system of com­
bined stresses, provided the fatigue strength for one 
tyqpe is known, the principal stress theory has its short­
comings in that it predicts that torsional fatigue 
strength should be equal to the bending fatigue strength. 
Nevertheless, in the general application of the theory 
in section 1 2 * 3 it was shown that failure took place when 
the principal stress was near to the fatigue limit as 
determined by experiment® The error was 5000 lbf/in2 in
( 1 6© ;
120 000 lbf/in , or 4$. Since this included errors from 
all sources and in particular from fatigue testing, 
residual stress measurements, limitations of Foppl 
theory and limitations of' the principal stress theory, 
it must be regarded as extremely small and the general 
analytical and experimental procedures used are shown to 
be reliable.
16.10 Effect of fatigue stressing an residual stress
The fatigue loading of a long shot peened apeci-
p
men at a stress of 85 000 lbf/in^ to a life of 1*2 x 10
cycles revealed 110 relaxation of residual stress. This 
finding was confirmed when shorter specimens were 
utilised in order to apply higher fatigue stresses. For
example, a stress of 100 000 lbf/in2 applied to a shot
peened specimen for 1 0D cycles revealed 110 relaxation of 
stress compared with a similar shot peened but unfatigued 
control specimen.
It was noted that the longer bar S2 had after 
shot peening a higher compressive residual stress in the 
surface than had bar S3 ? but this is attributed to the
fact that the former was 2-g- times the length of the
latter. The series of shorter bars permitted a fatigue 
stress ( 1 2 3  000 lbf/in2) to be utilised which was in 
excess of the torsional elastic limit. The result of
(1 6 6 )
stressing at such a level for 10 cycles was to cause 
some relaxation of residual stress in the surface layers 
for a depth of 0*003 in. The axial residual stress in 
the surface fell to -20 000 lbf/in^ compared with 
- 9 2 000 lbf/in2 in the control specimen, but the peak 
axial stress of -94 000 lbf/in2 was equivalent to the 
peak in the control, although it occurred at the plastic/ 
elastic interface, ±*e. at 0*003 in below the surface.
Xt is reasonable to assume that some beneficial reversed 
torsional stress was induced into the surface layers as 
a result of the plastic deformation and that this would 
compensate to some extent at least for the part relaxa­
tion of residual stress due to shot peening* When the 
results of Whiteside’s (7 6) investigations are available, 
it will be possible to combine the two stress systems 
and so deduce the distribution of residual stress in a 
prestressed shot peened tox'sion bar,
1 6 * 1 1  Effect of peening indentations on fatigue strength
*Theoretical considerations of the stress raiser 
due to a single indentation induced by shot peening have 
shown that the increase in stress at the surface is ex­
tremely small; and the increased value is insignifleant 
compared with the stress 0 * 0 1 5 in below the surface when
(1 67)
it is a maximum. The computation deals with the case 
of a single spherical impact but other workers have shown 
that in the instance of numerous indentations in close 
juxtaposition the combined effect of a stress raiser is 
less.
The theoretical findings were confirmed by the 
experimental work, where the S-N curves for peened, and 
peened and polished specimens were shown to coincide, 
16*12 The contributions to fatigue strength of work 
hardening and residual stress
As the two factors of increase in hardness and 
residual stress due to shot peening are interdependent, 
the effect of them on fatigue cannot be separated and 
measured individually. It was noted, however, that the 
increase in hardness at the surface due to peening was 
only about 30 HV and it was therefore felt that it 
would be reasonable to assume that the effect of such 
a difference on fatigue would be the same whether it 
was due to cold work or very slight differences in tem­
pering temperatures, which in the latter case would be 
424°C, i.e. a difference of only 14°C.
Xt was found that an increase in hardness of 
4-5 HV gave a measurable increase in the fatigue limit, 
whereas a further increase of 30 HV did not. Xt would
(1 68)
appear therefore that whether or not increased hardness 
elevates the fatigue limit is a function of the initial 
hardness® Xn each of the two initial hardness levels 
considered, the effect of residual stress on the fatigue 
limit with shot peening was most marked and by far the
greatest contribution to fatigue strength came from the
residual stress patterns induced rather than from the
increase in hardness due to cold work®
(1 69
CHAPTER 17 
CONCLUSIONS
(i) The use of a computer for curve fitting to the
experimental points obtained during stress 
analysis has enabled more accurate determina­
tions of the slopes of tangents to be made.
(ii) The peaks in the stress distribution curves
sometimes observed just below the surface of 
the material and at the plastic/elastic inter­
face are small and e v e not always presentfl When 
they do occur their magnitxide is accentuated 
by the sensitivity of the analytical technique 
to slight changes (and therefore also errors) 
in the value of the slope of the tangent to 
the strain/depth curve.
(iii) The development of the theory to determine the
magnitude and distribution of the radial resi­
dual stress has shown this component to be so 
small that it could be ignored. This has 
enabled the stress system to be treated, as a 
biaxial one with more confidence than has 
hitherto been possible.
( 1 7 0
(v)
( v i )  
(*v ii)
(v i i i )
( ix)
The effect of a heat treatment after shot peen­
ing has been shown to elevate the fatigue 
strength and that the optimum performance is 
obtained with a heat treatment of 220°C for 30 
minutes *
The maximum principal stress in a shot peened 
bar is approximately 0 , 0 1 5  in below the surface 
so that one would expect failure to commence at 
that point. This has been confirmed by experi­
ment o
One effect of the shet peening was to cold work 
the surface and increase its hardness by 30 HV. 
"Commercial" grinding, even with adequate cool­
ing, caused a large amount of scatter in the 
experimental results and gave a lower fatigue 
limit than if the grinding had been carried out 
in accordance with B 0So3 5 1 8 °
The effect of increase in hardness of the basis
steel was to increase the fatigue strength for
limited lives and also to increase the fatigue
limit in the hardness range 465 HV ~ 510 H V .
The general effect of shot peening is to elevate
the fatigue strength, This effect gets less as
the hardness of the basis steel becomes greater
than that of the shot xised to carry out the 
peening c.
( 171)
( x . i )
(xii)
(xiii)
¥ith shot peened En 45 steel it is not possible 
to determine a fatigue limit when testing is 
continued to lives of 3 x 10*7 cycles. The harder 
the basis steel the greater is the life achieved 
for a given stress. All three S-N curves for 
hardnesses of 465? 510 and 540 HV meet in the 
point represented by a life of 3 x 1 0 ' cycles 
and a stress of 1 2 3 000 lbf/in2.
A comparison of the theoretical stress distribux- 
tion in shot peened specimens and the experi­
mental fatigue data showed agreement to within
4$.
The effect of fatigue stressing on the residual 
stress due to shot peening is negligible even 
at stresses approaching the elastic limit and 
life cycles of 10^ Once the elastic limit is 
exceeded during fatigue stressing, the residual 
stress at the surface falls considerably, but 
rises to its original value at the plastic/ 
elastic interface just below the surface.
The main effect of shot peening on fatigue 
strength is due to the introduction of a bene­
ficial residual stress system. Under certain 
conditions there is sometimes an additional but 
lesser benefit due to work hardening of the 
surface *
( 1 7 2 )
(xxv) The indentations in the surface due to peening- 
are in no way deleterious, since the maximum 
tensile stress at which failure originates is 
0 * 0 1 5 in below the surface and therefore well 
clear of the zone of influence of the stress 
raisers, As a result, there is no advantage 
in removing these indentations by polishing or 
other means,
(173)
CHAPTER 18 
POSSIBLE AREAS OF FUTURE EXPLORATION
(i) The method of using a computer for fitting a 
curve to the experimental points which repre­
sent change of length with removal of circum­
ferential layers has enabled a more accurate 
stress analysis to take place* It has been 
particularly useful when a value for dAl/dAr 
has been required* However, the equation ob­
tained has been a polynomial of the sixth 
order which has represented the best sine wave 
through the experimental points and as a 
result has tended, under certain limiting 
conditions, to introduce erroneous results,
i.e. where there has been a point of inflex­
ion or where it is known that dAl/dAr is 
almost zero. The latter aspect has been over­
come by substituting zero values for dAl/dAr 
where it has been known that the Al-Ar curve 
is horizontal. In the case of points of 
inflexion, however, when these are present 
they are invariably, near to the origin and
(174)
are thus influencing the calculated value of 
residual stress near the surface. They result 
in the apparent stress peaks very close to the 
surface. It would be of interest to explore 
this matter further and to this end, it would 
be helpful if an alternative form of equation 
could be obtained from the computer, so that 
value of dAl/dAr would be more realistic when 
it is changing sign or is almost zero.
(ii) There are now available on the market small
glass balls of considerable strength, which can 
be used for peening. Since they will be con­
siderably harder than the steel shot used for 
peening, it would be useful to determine the 
effect of using glass in lieu of steel under 
otherwise identical conditions. One could then 
evaluate the effect of the increased shot 
hardness on maximum residual compressive stress, 
depth of maximum x'esidual tensile stress, and 
general distribution of residual stress. The 
effect on fatigue strength of using glass balls 
to peen steels which are harder than the exist- 
int steel shot, i.e. of 510 HV, 5^0 HV and 
greater, could also be determined.
( 1 7 5 )
(iii) It would be of interest to examine the effect 
on fatigue strength of using steels harder 
than 540 HV in both the peened and unpeened 
conditions, and ascertain the optimum hard­
ness for each state to give maximum fatigue 
life. Ductility tests on the steels could be 
carried out at the same time in order to 
determine whether the optimum conditions ob­
tained would have a practical spring applica­
tion, since the higher hardnesses, while 
possibly giving a higher fatigue strength, 
would give a lower ductilitye
(iv) Fatigue testing of shot peened En 45 specimens 
having hardnesses of 465? 510 a n d 540 HV 
should be carried out to lives in excess of 
3 x 1 0 ^ cycles to enable the fatigue limits 
to be determined,
(v) When Whiteside (7 6 ) has completed his analysis 
of the distribution of residual stress in 
prestressed torsion bars, an attempt could 
be made to combine theoretically the stress 
distributions due to prestressing and to shot 
peening. This woxild provide a useful picture 
of the stress distribution in a shot peened, 
prestressed torsion bar.
(176)
Almen A2 Intensity level used is sufficiently 
high to ensure that failure in fatigue is not 
influenced by small changes in the surface 
value of compressive stress, Xt would be use­
ful to determine the residual stress system 
for different intensities of peening and 
assess the level at which the intensity of 
peening becomes critical due to the compres­
sive stress value falling to a level at which 
the origin of fatigue failure would be in the 
surface instead of below it*
(vi) Present indications are that the standard
(177)
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DEVELOPMENT AND EVALUATION OF THE SHOT PEENING PLANT
Modifications to the design
The shot peening plant used (Fig. 52) was specially 
developed from a standard unit in which the shot was 
directed vertically downwards into a cabinet through a 
fixed nozzle by means of an air blast. The specimen to be 
peened was originally manipulated in the stream by means 
of a gloved hand.
In order to give a regular motion to the specimen 
during manipulation, two motorised parallel rods( ,  1 .1 / h
in diameter and 1 / 8 in apart, were installed vertically 
below the nozzle at a height of 3 in above the cabinet 
floor. Each rod was capable of rotation about its own 
axis and both rotated in the same direction by means of a 
geared drive, A specimen^^ placed on these rollers could 
thus be rotated at a constant speed.
The fixed shot-directing nozzle was unsatisfactory, 
since the shot stream was cone shaped and the intensity of 
peening was greatest on the central axis of the cone, fall­
ing off to zero at the periphery. The nozzle^^ was there-
( ? )fore fitted to a horizontal s l i d e ' w h i c h  ran the full
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width of the cabinet vertically above, and in line with, 
the specimen drive rollers, The movement of the nozzle 
along the slide was pneumatically controlled by a cylin- 
cler^22) and switch^), so that it could be made to move 
backwards and forwards over the length of the specimen 
at a constant predetermined rate.
The peening plant could only handle a limited 
weight of shot, and as the time period for this to pass 
through the cabinet was too short to provide an adequate 
peening treatment, the system was modified to provide 
automatic re-circulation of the shot.
Originally, after passing through the cabinet the 
shot collected in a hopper below and this feature was 
retained. However, a double pressure vessel was now 
fitted to the base of the hopper via a valve ( 9 ) , with
one chamber( above the other( ^ 2) , the two being con­
nected by a high pressure valve^  ^  , The valves were 
linked by a servo system working on a time cycle and 
the sequence of operations was adjusted until a satis­
factory performance was attained, which was as follows.
( 1 0With all valves closed the upper pressure chamber' 
and the lower one^12  ^ would be at the air blast pressure. 
After sufficient shot had collected in the hopper, the 
upper chamber would be exhavisted to atmosphere by means
( 1 9 4 )
of the v a l v e ( 2 7 ) ( The v a l v e O )  in the base of the hopper 
would open, allow the shot to pass through to the upper
( 2 7 )pressure chamber and then close again, the exhaust valveN 7 
would also close* The valve( )  joining the upper and 
lower pressure chambers would then open so that the pres­
sure in the upper chamber would rise to the air blast 
value and the shot would pass through into the lower cham­
ber* The valve joining the two chambers would then close 
and the shot control valve open and permit the shot to be 
carried round by the air stream,
Initially, some adjustments to the timing sequence 
were necessary, and to the total weight of shot in the 
system, before satisfactory operating conditions were 
attained* Once these were known, however, the plant was 
capable of running continuously for long periods without 
adjustment.
P1ant lyahiation
In order to select suitable settings for the shot 
peening equipment, it was necessary to determine the in­
fluence of such parameters as air pressure, nozzle/ 
workpiece distance (defined as nozzle height), and time, 
on peening intensity as measured on the Almen comparator.
The maximum air pressure available from the com­
pressor was 55 lbf/in2 and the range investigated was 
30-55 lbf/in2* In the initial experiments, the Almen
( 1  9
strip was mounted on a rectangular block which was placed 
on the stationary rolls* Later, when approximately 
suitable settings were achieved, the work was repeated 
with the ZLmen strip mounted in a recess cut into a 
1„25 in diameter bar* The bar was placed on the drive 
rolls which were rotated so that the Almen strip itself 
also rotated and presented a constantly changing angle 
to the shot stream, as would an elemental plane in the 
surface of a cylindrical bar.
The effect cf air x^essure on Almen arc value when 
the rolls are stationary was examined for three levels 
of time (8, 16 and 32 minutes) and a nozzle height of
four inches. The trend was similar for all three periods 
and demonstrated that on this particular plant there was 
little or no advantage in peening at pressures in excess
cf 50 lbf/in2, and that as the pressure fell from 50
p Plbf/in" to kO lbf/in the reduction in Almen arc value
was not very great. The effect of increasing the nozzle
height to six inches and to eight inches was also
investigated. As was to be expected, the greater the
distance of the nozzle from the workpiece, the lower the
arc value (other factors remaining the same), whilst
the effect of increasing the air pressure for the greater
nozzle heights did not become important until a value in
excess of 50 lbf/in2 was used*
( 1  9 6 )
A factor which made itself apparent during the 
trials was that the maximum pressure of 55 lbf/in2 was 
not always available, due to other demands on the com­
pressor* However, a maximum pressure of 4-5 lbf/in2 
could be maintained at all times, and as 4-0 lbf/in2 was 
on a part of the characteristics where small pressure 
variations were not important, the latter figur^e was 
taken as the standard value, for the research. At a 
pressure of 40 lbf/in2 the effect of nozzle height on 
Almen arc value was almost linear and a height of six
t
inches was therefore chosen as being of practical con­
venience. The effect of peening time on Almen arc 
values under these operating conditions and when the 
strip is rotating is shown in Fig® 53:
t
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FIG  a 5 3  EVALUATION OF SHOT PENNING PLANT®
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Table VIX En 45 "Commercial" ground and 
and polished 465 HV (FIG.34)
(204)
Stress 
(lbf/in2 x 10^)
Life 
(Log10 cycles)
135 5.13
135 4.901 23 5-6711 2 6.37101 6.3994 6.60
92 6.12
92 6.23
92 7.33 U B
89.5 7.4? U B
Table VIII En 45 Ground to B.S.3518 and 
polished 465 HV (FIG.35)
Stress 
(lbf/in2 x 1 0 3)
Life 
(L°g10 cycles)
1 52.5 4,811 45.0 4.69
1 23.0 5.74
1 1 2.0 5.70
101 .0 7 . 1 6
94.0 7.45 U B
89.5 7.46 u B
IT B s= Unbroken
(205)
Table IX En 45 Ground and 
polished, 510 HV (FIG. 3 6)
Stress 
(lbf/in2 x 103)
Life 
(Log10 cycles)
135 5.17
123 5.92
1 23 6.531 1 2 7.49
1 1 2 6.83
110 6.75
10? 7.48 U B
105 7.48 V B101 7.48 U B
En 45 Ground and polished, 
540 HV (FIG. 36 conto)
Stress 
(lbf/in^ x 103)
Life 
(Log10 cycles)
157 4*79
1 45 5.25
135 5.70
1 23 6*35
11 2 7.34
1 10 6* 96
107 7*50 U B
105 7 ®48 U B
U B = Unbroken
( 2 0 6 )
Table X En 45 peened and unpeened 465 HV ( F I G .37)
Unpeened Peened
Stress Life Stress Lif e
(lbf/in2* 103) (Log10 cycles) (lbf/in2x 103) ( L o g i o  ° y c l e s )
152,5 4.81 1 45 4. 20
145 4 .69 135 5 . 2 3
1 23 5.74 135 4.8111 2 5.70 130 5.69
101 7 . 1 6 1 25 6.96
94 7,45 u B 1 23 7.17
69-5 7.46 U B 1 23 7 . 1 61 21 7.40 U B
117 7.4o u  b
Table XX En 45 peened and unpeened 510 HV ( P I G . 3 8)
Unpeened Peened
Stress Life Stress Life
(lbf/in2x 103) (Log10 cycles) (lbf/in2x 103) (Log10. cycles)
135 5« 1 7 157 4,26
1 23 5»92 145 5o 1 2
1 23 6.53 1 40 6,071 1 2 7 0 49 135 6,44
112 6.83 130 7 019
110 6.75 1 28 7* 24
107 7.48 U B 1 25 7.28
105 7.48 V B 123 7*45101 7.48 U B
U B ss U n b r o k e n
(207)
Table XIX En 45 peened and unpeened 540 HV (FIG. 39)
Unpeened Peened
Stress Life Stress Life
(lbf/in^x 103) (Log cycles) (ibf/in2x 103) (L°g10 cycles)
157 4.79 157 5.32145 5.25 145 6.07
135 5.70 135 6.911 23 6.35 130 7-0511 2 7.34 1 21 7.49
110 6.96
107 7.50 U B
105 7.48 U B
Table XIII En 45 polished 465 HV; and peened and 
stress relieved 465 HV (FIG®48)
Unpeened Peened Stresn r andelieved
Stress Life Stress Life
(lbf/in2x 103) (Log cycles) ((lbf/in2x 1o3) (Log cycles)
152.5 4,81 1 1 2 5.12145 4.69 11 2 4.92
1 23 5.74 1 1 2 4.75
1 1 2 5.70
101 7.1 6
94 7.45 U B
89.5 7.46 U B
U B c Unbroken
(208)
Table XIV En 4-5 peened, and peened and polished 510 HV(FIG„50)
Peened Peened and polished
Stress Life Stress Life
(lbf/in2x 10-Q (Log10 cycles) (lbf/in2x 103 ) (Log10 cycles)
157 4 , 2 6 157 4 , 4 o
145 5 . 1 2 1 45 4 . 9 9
140 6 . 0 7 135 6 . 4 7
135 6 , 4 4 130 7 .2 0
1 30 7 .1  9 1 28 7 , 2 8
1 28 7 . 2 4 123 7 .6 0  U B
1 25 7 . 2 8
1 23 7 . 4 5
U B = Unbroken
